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ABSTRACT 
The thesis describes a method for control of wind turbine generator 
power coefficient by variation of load with wind speed 
Steady state characteristics of horizontal axis propeller type wind 
turbines are shown and development of the tip speed ratio power coefficient 
curve is given. Taking account of the theory of the horizintal axis 
propeller turbine, a three bladed windmill of six metres diameter with fixed 
pitch was designed and constructed. 
Self excited induction generators are described in detail in terms of 
the steady state characteristics. It is shown that the currently used 
induction machine circuit model, employed for determination of the 
steady state characteristics) inadequately describes the observed operation 
of the machine. This is shown using phasor diagrams. An alternative 
equivalent circuit model is suggested. 
A controllable rectifier was designed and used in conjunction with the 
self excited induction The rectifier is capable of operating over 
a wide frequency range with large amounts of harmonic present at the input. 
Use of the self excited induction generator in conjunction with the 
controllable rectifier in the wind turbine generator is described and shown 
to provide a practical form of turbine load control. Control of the turbine 
power coefficient is obtained by controlled variation of rectifier delay 
angle. A microprocessor is used to determine power available in the wind and 
subsequently estimates the required load power to obtain the desired power 
coefficient. 
Results of the turbine operating in windy conditions show that such a 
system can operate satisfactorily. 
Suggestions are also made for further research to be carried out on the 
wind turbine generator. 
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CHAPTER 1 0 
INTRODUCTION. 
1.1: A Short 11s. ' 
Wind has been the servant of mankind for many centuries providing the 
motive force for sea travel, water pumping and the grinding of grains. Some 
of the earliest references to windmills date back to the seventeenth century 
B.C. (Golding 1955) when the Babylonian Emperor, Hammurabi. studied the 
possibility of using them for irrigation. The Hindu classic Arthasastra (400 
B.C.) (UN 1981) refers to wind powered machines used for raising water. It 
is uncertain as to the length of time that windmills have been used by the 
Persians but it is known that they were commonplace around the seventh 
century A.D .. With the expansion of the Moslem civilization, windmill use 
spread widely and eventually found its way to Europe and even as far as 
China. By the early nineteenth century windmills were accepted widely for 
varied uses in Europe. particularly for the grinding of grain crops. 
Invention of the steam engine, internal combustion engine and widespread 
use of electricity initiated a major discontinuance in the use of windmills 
in many parts of the world. Despite this, windmills still found applications 
in rural areas such as for water pumping and battery charging. These were 
usually small mUltiple blade types and with the advent of aviation research 
developed into more sophisticated models. 
Up until the end of the Second World War most windmills were small, 
ranging up to about 5kW capacity, but some larger machines were constructed. 
The Central Wind Power Institute of Moscow commissioned the construction of a 
100kW pilot plant for electricity generation near Balaclava, Crimea (Golding 
1955, Warne 1983) in 1931. During World War II, and largely through the work 
of Palmer Putnam, a 53m diameter machine of 1250kW rating was constructed at 
Grandpa's Knob in Vermont, USA. This mill operated with varying degrees of 
2 
success for about six years and ultimately destroyed itself by shedding one 
of its two eight ton blades. 
Since World War II interest has steadily increased in the use of wind 
power for electricity generation with major work being done in the 
Scandanavian countries, the United States and other of Europe. 
Developments include the American ERDA/NASA series of mills:- the MOD-O 
(Taylor 1982 ,Puthoff 1975) machine at Plumbrook, Ohio rated at 100kW and 38m 
in diameter, and the four MOD-OA wind turbines (Stiller 1983) of 200kW 
rating. In 1971 the MOD-1 machine of 2MW capacity was commissioned followed 
by the installation of three MOD-2 mills at Goodnoe Hills, Washington. 
These were 91m in diameter with a 2.SMW rating. The latest in the line of 
these machines, and yet to be commissioned, are the MOD-SA (General Electric) 
and the MOD-SB (Boeing). The MOD-SA is a 7.3MW machine of 130m diameter 
while the MOD-5B is of 7.2MW capacity at 128m diameter. The 
Hawaiian Electric Company is intending to install a MOD-SA on Oahu starting 
early in 1984 with operation in early 1985. Other developments from the USA 
include the 3MW 8endix- Schackle turbine and the 4MW WTS-4 and 3MW WTS-3 of 
Hamilton- Standard. 
European efforts include the 2MW wind generator at Tvind (Jensen 1983) 
on the West Jutlannd coast which has S4m diameter blades and has met with 
substantial success, and the West German Growian turbine (Hau 1982) of 3Ht'J 
capacity at Kaiser- Wilhelm- Koog. Several efforts in &lrope at developing 
mills in the SOkW to 200kW range have also met with substantial acceptance 
(Stodhart 1975, et al). 
1.2: The Wind Resource. 
Wind power can simply be described as a manifestation of solar power: 
the movement of air in Earths atmosphere from the effects of solar 
energy reaching Earth. Of the S.2x1024 Joules per annum of solar energy 
(Warne 1977) the Earth only about 9X1022 Joules is converted into 
air movement with an estimated 3.6X101B Joules being extractable from the 
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Om to 100m air layer. This means that 1~ to 107 MW (UN 1981, Jayadev 1976) 
is available in the Earths winds, largely based on the estimates of Von Arx. 
On a local basis approximately 350TWh (Wood 1981) of energy is available in 
New Zealand from the wind, which is substantially in excess of the energy 
requirements for the whole country. Although it is impracticle to ever 
attempt to recover all of this energy, the figure does demonstrate the 
potential of the power in the wind and it could be likely that even a small 
contribution from the wind could be of economic benefit. 
Nearly all windmills to date have been sited on land although recent 
efforts to initiate sea based studies have been made (Lindley 1980, 
Milborough 1982), as well as proposals for stream designs (Arbouw 1982). 
For mills constructed within the first 100m of the boundary layer of the 
atmosphere the effects of the structure of the land surface are most 
important as it is here where turbul an ce and gusts are pronounced. It has 
also been known for some time (Putnam 1948, Golding 1955) that mean wind 
speeds are enhanced on the summits of suitably selected hills, a factor which 
because of the relationship between wind and potentially available wind 
power, is of great interest. Some recent studies (Bradley 1983, et al) have 
more clearly defined the phenomenom. Another feature of wind flow over the 
surface of the Earth which has a great effect on large wind turbines is the 
"mean velocity profile ". This is caused by the shearing of the. wind near the 
land surface and results in an increase in mean wind speed as height 
increases. 
Although the energy available from a given wind turbine site does not 
greatly vary from year to year it is found that variations in daily and 
seasonal patterns may appear. This situation is critical to windmill users 
as it affects factors such as energy storage and load matching. Gusts are 
also significant on t\.,o counts: firstly in terms of structural design of the 
turbine and secondly in terms of energy extraction, since a significant 
amount of wind energy is contained within them. Study of wind patterns at 
windmill sites has thus taken on significant importance and many studies have 
been made (Bhumralkar 1980, et al) to assess these effects. 
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1 .3: Windmills - and Uses. 
1 .3.1: Turbine 
Classification of windmills can come under two broad areas: 
(a) According to the relationship between wind direction and relative 
turbine shaft orientation and can be either axial flow machines (wind 
flow parallel to the shaft) or cross flow machines (wind flow normal to 
the shaft). 
(b) According to the construction of the turbine. This classification is 
more common and classes them as either being horizontal axis wind turbines 
(HAWT's) or vertical axis wind turbines (VAWT's). 
Earliest windmills probably used sails as the blades. It is known that 
the Persians used a vertical axis mill (Golding 1955) which used this type of 
blade. In modern times sailwing mills are still in use in some parts of the 
world (UN 1981), the majority of which are of the horizontal axis type. One 
of the advantages of sailwing mills is that their structure often can survive 
high wind speeds, primarily due to the fact that the blades are fabric and 
shred before the support structure fails. The other advantages of this 
construction are the low cost, low technology factors which make this form of 
wind energy converter particularly favorable to third world nations for 
irrigation purposes. 
Primitive horizontal axis mills were constructed with canvas sails 
spread over wooden framework, and since they had no yawing mechanism they 
were erected so as to face the prevailing wind. The first attempts to 
provide a yawing mechanism were thought to have corne from Germany (Golding 
1955) and it is also known that Leonardo da Vinci designed windmills where 
the support structure itself rotated. It was not until the construction of 
the Dutch windmills that 'modern' designs were born. These incorporated a 
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fixed support structure with a yawing nacelle, and were mainly used for 
milling purposes. 
Commonly used for worldwide are the multi-bladed farm type 
windmills which are rugged and inexpensive and have reliably served farms for 
nearly a hundred years. They are characterized by a multitude of flat or 
slightly curved metal blades on a horizontal axis and a tail to point the 
blades into the wind. When excess windspeed occurs a latching mechanism on 
the tail steers the blades sideways into the wind to prevent damage. 
The problem with all the above mills is that they are generally of low 
efficiency and do not lend themselves to scale construction, ie., 
mUlti-megawatt scale. Modern approaches to this finally led to several 
designs of both the horizontal axis and vertical axis types. The Darrieus 
rotor designed by G.J.M. Darrieus in France in 1927 is one such vertical 
axis design and is used mainly in the phi configuration although a delta 
configuration is also possible. The main difference between the Darrieus 
rotor and earlier vertical axis machines is that the Darrieus 
relies on aerodynamic lift to obtain rotation rather than differential drag 
and is a highly efficient wind energy converter which holds great 
promise for the future. One drawback with this design is that it is not 
self and some additional mechanism to perform this 
function. More recent studies (Baker 1983) have Overcome this difficulty. 
The Gyromill is another form of vertical axis mill which relies on 
aerodynamic lift for torque production and has a particularly high 
efficiency. The disadvantage with the Giromill is that its construction is 
unsuited for large scale. 
The Savonius mill has been proposed as an inexpensive design for use in 
rural areas such as for irrigation. Recent work (Baird 1983) shows that the 
simplicity and ruggedness of these mills can give more than adequate 
performance in such applications. They are inefficient and not suitable for 
large designs. 
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1.1: Common 
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The most proven design is the propeller type turbine as it combines 
rugged construction with high efficiency. The of these mills are of 
two bladed design with low solidity and high speed. The major difficulties 
arising with the propeller type turbines are ones of blade costs and cyclic 
loads due to tower shadow and wind profile. Three bladed mills offer 
in terms of resonance problems but add extra capital cost to the 
turbine. Some designs have even been studied using one blade with the 
appropriate counterweight. 
Propeller type turbines are categorized as either upwind types or 
downwind types. Upwind type machines have the blades on the upwind side of 
the support structure and need to be steered into the wind. Downwind types 
have the blades on the downwind side of the support structure and do not 
need to be steered. The advantage that upwind type machines have 
is the lesser effect of the support structure on the wind flow over the 
blades. In downwind type mills this effect is called tower shadow. 
Many efforts to improve the performance of propeller turbines have been 
made. Tipvanes (van Holten 1978) have been used as an effective method and 
this shows promise for the future. Shrouding (Igra 1978) is another method 
applicable to smaller mills. 
It is because the propeller type turbine is so well proven that this 
design was chosen for the purposes of this project. Three blades were used 
in the downwind position so that steering would not be required. 
1.3.2: Generator 
Variations in generator types used in wind turbine generators (WTG's) 
have been under considerable study for many years. For WTG's connected to 
the electricity grid, control of voltage and frequency are of prime 
imoportance. The solution to providing a constant frequency is to allow the 
windmill to operate at constant speed and drive a synchronous generator. 
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This led to WTG's of the constant speed, constant frequency class (CSCF). 
For reasons explained in Chapter 2 constant speed windmills are not efficient 
for anyone given configuration over a range of wind speeds. This led to the 
variable speed, constant frequency class (VSCF) of WTG. In these some method 
of translating the variable speed shaft to constant frequency is required and 
an array of designs has appeared to accomplish this. These include 
mechanical means such as variable 
others. 
ratio gearboxes, hydraulic drives and 
Electrical means of achieving this have also been proposed such as ADA 
(AC~DC-AC conversion) (Watson 1979, et all where the variable frequency AC 
from the generator is firstly converted to DC and then inverted to constant 
frequency AC. More elaborate systems have also been proposed such as the 
frequency modulated generator (FMG) (Jayaveviah 1975, Ramakumar 1975), the 
rotor fed induction generator (Jayadev 1975) and the double output induction 
generator (DOIG) (Yadavalli 1976). With the decreasing costs of solid state 
power devices it appears now probable that the ADA proposals will come to the 
forefront of VSCF systems. 
A third and lesser known group of windmills also exists. These are the 
systems where frequency does not playa significant role in the load, such as 
for heating. Such systems could operate with varying speed and varying 
frequency (VSVF) and indeed could operate with the electrical output in DC 
form. Such windmills are currently available and markets appear to be 
significant (Stodhart 1975, et al). Recent studies have been made using DC 
generators (Suzuki 1982) and others using AC commutator generators with 
rectifiers (Buehring 1981). Both these designs are suited to low power 
applications such as heating but suffer from brushgear maintenance problems. 
This difficulty is solved by using the self excited induction 
generator, which uses a brushless squirrel cage induction machine and is both 
rugged and relatively inexpensive. Several control proposals have been made 
(Arrillaga 1978, et al) and it is one of these proposals which is of concern 
in this thesis, with a view to eventually using the WTG for glasshouse 
heating. 
1 
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Aims and 
The objective of the project is to develop a wind generation research 
facility suitable to the requirements outlined below and also to allow 
further studies of a varied nature to be carried out. This objective being 
satisified, the following studies were undertaken: 
(1) To further study the operational characteristics of the self excited 
induction generator and its interaction with controlled rectifiers. 
(2) To construct a controllable rectifier which could successfully operate 
over a wide range of frequncies and with large quantities of harmonics at 
the input, and to test its operation in conjunction with the self excited 
induction generator. 
(3) To develop a 
generator/rectifier 
microprocessor based 
combination to be 
control 
used to 
system to allow the 
control windmill shaft 
loading and hence power transfer from the wind to the turbine shaft, using 
a fixed pitch wind turbine. 
The project was started in early 1980 with the mechanical design and 
construction phase being complete some two years later. Design and 
construction of the control system was completed in mid 1983 with system 
debugging requiring a further six months. During the coures of work, the 
author performed the following tasks:-
· Initial conception 
of the wind turbine 
carried out. 
and development of criteria for the construction 
generator such that the above objectives could be 
· Design all mechanical and aerodynamic components for the wind turbine. 
· To design all electrical systems, digital and analogue electronics, 
power electronics and microprocessor components. 
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control algorithms and to implement and debug these in software. 
· Undertake computer studies of wind turbine performance. 
· To construction and erection at all phases of the project. 
· Test the operation of the system. 
and construct a wind recording system capable of operating in a 
remote location. This system is described in Appendix 6. 
has given an outline of windmill history and current 
Chapter 2 gives the basis of the operation of HAWT's. Chapter 3 
outlines the evaluation and theory of the self excited induction generator 
while 4 describes the operation of controlled rectifiers. Chapter 5 
describes mechanical construction of the WTG and Chapter 6 outlines operation 
of the control system used for the wind turbine. 7 combines the 
theory of Chapters 2, 3 and 4 and forms the basis for the load control of the 
WTG and gives test results. Chapter 8 outlines proposals by the author 
for further work to be carried out and Chapter 9 gives conclusions. 
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CHAPTER 2. 
WIND TURBINE CHARACTERISTICS. 
2.1: Introduction. 
The extent to which windmills will be used for the generation of 
electrical power will depend on the cost effectiveness of the wind generation 
plant. Factors which influence a cost effective design are similar to those 
for any other generating plant, such as site, lifespan, capital and 
maintenance costs and of particular importance here is efficient extraction 
of power from the source. It is therefore necessary, in a study of efficient 
power transfer from wind to turbine shaft, to have an understanding of the 
aerodynamic performance of the wind turbine. Chapter 2 outlines theory which 
has been developed for wind turbines, mainly based on well established 
theories for aircraft propellers and places particular emphasis on the 
momentum theory. 
The study of windmill aerodynamics has its roots in marine engineering 
in the momentum theories developed for ships propellers by Rankine and 
Froude, and later adopted by Betz for use on windmills (Golding 1955). The 
theory uses an expression for the momentum of a stream of moving air on an 
actuator disc and considers the pressures and velocities of air on the free 
upstream side of the disc and also in the disc wake. The following initial 
assumptions are made (Wilson 1974, Warne 1977): 
(1) The turbine is represented as an 
discontinuity in pressure in a stream tube. 
is therefore assumed. 
actuator disc creating a 
An infinite number of blades 
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(2) The fluid (air) is incompressible and non viscous. 
(3) The flow is steady and non rotational, i.e., translational flow only 
is considered. 
(4) For air downstream of the actuator disc the velocity is axial and 
constant over the stream tube section and there is no pressure 
discontinuity across the stream tube boundary. 
P01-
u 
Pa 
ACTUATOR DISC 
Pa 
2.1: Actuator Disc - One Dimensional 
Consider the flow past the wind turbine shown in Figure 2 .1. 
Bernoulli's equation can be applied between the free air stream and the 
upwind side of the turbine and also between the downwind side of the turbine 
and the wake. 
p + Ur.p/2 = POl + U2 .p/2 
a 
(2.1 ) 
and 
(2.2) 
where is the upstream head and H2 is the downstream head. 
In addition, the thrust on the disc can 
momentum theorem. 
or 
T :: p.A,U'(Ul 
be 
The power extracted by the turbine into its shaft is: 
P 
Combining Equations (2.1) to (2.5) gives: 
P p.A.U.(U~ - U~)/2 
ie. , 
P 
where 
U 
found 
(2.3) 
(2.4 ) 
(2.5) 
(2.6) 
(2.7) 
(2.8) 
A rotor axial interference factor "a" is introduced such that: 
U (2.9 ) 
thus 
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from the 
2a) (2.10) 
Equating (2.4), (2.6), (2.9) and (2.10) gives the following: 
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P [4a. (1 (2.11 ) 
T == [4a. (1 - a)] .ur.A.p/2 (2.12) 
Equations (2.11) and (2.12) are simplified to: 
P =: .Ui .A.p/2 (2.13) 
T :::: Ct .Ur .A.p/2 (2.14) 
where 
C 
'" 
4a. (1 
-
a) :2 (2.15) p 
:::: 4a. (1 
-
a) (2.16) 
C is defined as the power coefficient and has a maximum value of 16/27 p 
or 0.593 when a = 1/3. The absolute maximum value of "a" is realized when the 
final wake velocity U:2 is zero. Returning to Equation (2.10), this occurs 
for a = 1/2 and represents the impractical case of a 100% efficient machine. 
In addition to the limits imposed on the power coefficient by the above the 
combination of friction, imperfect construction, etc. reduce it to more 
practical limits of about 0.45. In effect the power coefficient represents 
the ratio of shaft power absorbed from the wind to the actual power available 
in the wind. 
C
t 
is defined as the thrust coefficient. Applying principles similar to 
those above places a limit on Ct of 8/9 or 0.889. 
2.3: Effects of Wake Rotation. 
An extension to the one-dimensional model can be made by considering the 
effects of wake rotation. As the non-rotational incoming air stream 
interacts with the turbine, rotational components will be introduced into 
the wake stream in addition to the translational components. The rotation of 
the wake will be in the opposite sense to that of the turbine rotation. 
15 
dr 
2n.ra' rw 
.ara' 
2 2: Actuator Disc Axial and Outflow at Annulus. 
Consider the annulus shown in Figure 2.2 at radius "rl! and thickness 
"dr". The axial outflow components and rotary outflow components come from 
velocities induced by helical vortices leaving the blades as they rotate. 
The elemental torque contribution from the annulus is: 
dQ = p.r 2 .w.U.dA (2.17) 
where w is the local angular velocity of the fluid. 
ie. ) 
dQ'" 2n:.r 3 .p.U.Ill.dr (2.18) 
A rotary interference factor a' is used to simplify ensuing equations and is 
defined as: 
16 
a I :: 111/20 (2.19) 
Equating (2.18), (2.19) and (2.9) gives: 
dQ (2.20) 
Considering the linear momentum for the annulus an expression can also 
be found for the elemental thrust: 
(2.21 ) 
or 
dT (2.22) 
At the annulus the power extracted from the air flow is equal to the 
work done against the retarding torque per unit time. The elemental forces 
involved are given by Equations (2.20) and (2.22). To estimate the power, 
the velocity components must also be known and the axial component is given 
by Equation (2.9). The rotational component can be seen from Figure 2.2 and 
is: 
v O.r + O.r.a' = O.r. (1 + a') (2.23) 
Equations (2.20), (2.22), (2.9) and (2.23) can now be equated. 
(1 + a').O.r.dQ/r (2.24) 
or 
(1 + a').a'.02. r uf.(1 - a).a (2.25) 
or 
(1 +a').a'.x 2 :::; (1 -a).a (2.26) 
Where the local speed ratio is defined as: 
(2.27) 
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Returning to Equation (2.13) the power coefficient can now be redefined. 
(2.28) 
The speed ratio is defined as: 
x = n. R/U 1 (2.29 ) 
(2.27), (2.28) and (2.29) gives Cas: p 
Cp SIX'.!: (1 - a) .a' .x'.dx 
0,593 
(2.30) 
- - :;:;;;;;..-----------
<:::I 0,2 
Q 
/~-, 
/ I ""-
/ I "'"'' 
'I I " ZACTUAL CURVE 
r I " 
'I I "-
I\"\" 
I \., 
I \\ 
I \ 
\ 
Xm TIP SPEED RATIO (X) 
2.3: Wind ~~rbine Characteristic. 
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For maximum values of C (1 - a).a' must be a local maximum for every p 
x. Numerical integration of Equation (2.30) in conjunction with Equation 
(2.26) yields the solid curve shown in Figure 2.3. The importance of this 
curve, which shows the effects of wake rotation, is that the previously 
determined maximum value of C (see Section 2.2) is only valid for high tip 
P 
speed ratios and that for a tip speed ratio of zero the power coefficient is 
zero. This condition becomes obvious when it is seen that zero tip speed 
ratio corresponds to zero shaft rotation. The power loss at the lower tip 
speed ratios can be accounted for by considering the blade aerodynamics where 
the inner portions of the blades are operating in stall conditions. At 
higher tip speed ratios the effects of aerodynamic drag on the blades becomes 
predominant and the power coefficient again decreases, as shown by the broken 
curve in Figure 2.3, to the extreme where the power coefficient reaches zero. 
This shape can be compared with that more usually seen and the salient point 
to be observed is that there is a unique practical range of angular velocity 
for the turbine for each value of free air velocity which gives a maximum 
power transfer from the wind to the turbine shaft. 
Figure 2.4 represents this characteristic in a different way. Each 
curve is drawn for a particular value of wind velocity and the 
tip speed ratio is varied. The peak of each curve is the 
optimum power transfer point and a locus of these points represents a curve 
of cubic form where tip ratio is optimum. 
It is also possible to draw similar curves for the torque on the turbine 
shaft. The shaft torque can be found from the equation: 
Q (2.31 ) 
Equating (2.31) with (2.29) and (2.13) gives: 
Q = (C /X).p.A.ui R/2 p (2.32) 
or 
Q = C .p.A.Ur.R/2 q (2.33) 
where 
I p -m-
SHAFT SPEED (.!l) 
2.4: Wind Turbine Power -
,/ 
.-
SHAFT 
2.5: Wind Turbine 
Characteristic. 
U1 INCREASING 
(J:l) 
Characteri 
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= C Ix (2.34) 
P 
C is the torque coefficient. The torque curves are as in Figure 2.5. q 
Notice that the maximum power transfer occurs for higher 
velocities of the turbine shaft than do the maximum torque values. 
2.4: Wind Turbine Blade 
angular 
The above analysis gives a description of the basic precepts of wind 
turbines, and the characteristics deduced are utilised in this thesis. 
However, the descriptions given in section 2 and Section 3 of this chapter 
have been based on the momentum theory and as a result suffer from the 
initial assumptions, in particular that the turbine has been modelled as an 
actuator disc implying an infinite number of blades. It cannot be used 
to predict blade loading distributions, effects of non-uniform flows and the 
effects of the number of blades or the aerodynamic interaction between the 
blades. For the design of optimum rotors these factors must be taken into 
account. 
Blade element theory was developed in part to answer some of these 
shortcomings. Although the origins of the theory are generally credited to 
Drzewiecki, W. Froude had published works on the subject some years earlier 
(Weick 1930). The Drzewiecki blade element theory considered the propeller 
as a twisted aerofoil with elemental sections where parameters such as 
torque, thrust, lift and drag can be individually determined. The air flow 
around each element is considered as being two dimensional and hence is 
totally independent on adjacent elements. Modifications to this simple blade 
element theory have also been made to account for blade interference and are 
outlined by Weick (Weick 1930). 
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The aerodynamic loadings on the blades of a turbine can be found using 
blade element theory by considering some arbitary element of blade of length 
dr at radius r as shown in Figure 2.6. The elements of lift and drag (von 
~1isis 1959) are:-
dL (p • CL • V 2/2 ).d S (2.35) 
dD (p.CD.V2/2) .dS (2.36) 
where 
dS dr. {e (C ).(r - r )/(R - r )} (2.37) 
r r r r 
where dS is the area of the element. 
dr is the length of the element. 
r is the radius of the element. 
V is the vector sum of the free wind velocity and the tangential 
velocity of the element resulting from blade rotation. 
The forces and moments along the plane of the blade and normal to the 
plane of the blade at any test radius can thus be calculated: 
, r { (dL .sin (~I 
RT 
dD.cos(a)} 
for the force along the plane of the blade. 
FNT - IR{(dL'C06(~1 + dD.Bin(all 
RT 
for the force normal to the plane of the blade. 
~T = fR{(dL'Bin(a l - dD.cos(all.r 
Rm 
J. 
for the moment along the plane of the blade. 
(2.38) 
(2.39) 
(2.40) 
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~T = JR{(dL.COS(a) + dD.sin(a)}.r 
RT 
for the moment normal to the plane of the blade. 
RT is the test radius and R is the turbine radius. 
(2.41 ) 
Equations (2.38) to (2.41) are used in Chapter 5. to estimate blade 
loadings for estimates of blade strength. 
2.5: 
EHENT OF 
AREA ds 
2.6: Blade 
u 
The relationship between tip speed ratio and power coefficient for a 
propeller type wind turbine has been derived taking into account the effects 
of wake rotation. Useful curves relating torque and power to shaft speed 
have been derived. Blade element theory has been introduced to find equations 
which can be used to calculate the aerodynamic loadings on the blades. 
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CHAPTER 3. 
THE INDUCTION GENERATOR. 
3.1: Introduction. 
In a paper in 1888 (Tesla 1888) Nicola Tesla outlined the principles of 
the polyphase induction motor and some years later Steinmetz (Steinmetz 1897) 
gave a description of its use as a generator. Steinmetz realized the 
importance of a source of reactive current for the induction generator and 
suggested that part of its load should consist of synchronous motors to 
supply this excitation current. Even so, Steinmetz did not fully appreciate 
the potential of induction generators. Early attempts to use 
asynchronous generators to supply the grid were described by Waters (Waters 
1901) in 1901) and serious consideration of their usage for scale 
generation of electricity was enunciated in 1910 in a paper by Spooner and 
Barnes (Spooner 1910). Some of the inherent advantages were described, 
particularly operation under fault conditions. More recently it was pointed 
out (de Mello 1981,1982) that a power system composed totally of induction 
generators could operate satisfactorily and may in fact have superior 
reliability to existing systems. Up until shortly before the Second World 
War the only source of excitation current considered pracitcal was the 
electricity grid. In 1935 Basset and Potter (Basset 1935) described a Inethod 
of providing self excitation for the induction generator thus obviating the 
necessity of grid connection and the autonomous self excited induction 
generator ( SEIG ) was born. 
The method described consisted of placing static capacitors over the 
terminals of the generator so that it draws the requisite lagging current for 
excitation as shown in Figure 3.1. 
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CAPACITORS 
LOAD 
of the Induction Generator. 
Whilst grid connected wind generation plant using induction generators 
have been widely used and discussed in the literature (Golding 1955, et al) 
it has only been recently that consideration has been given to the self 
excited induction generator in autonomous wind turbine generators (Milner 
1982, et al). The advantages of using the SEIG are ones of reliability, low 
cost and availibility, all of which are particularly applicable to autonomous 
applications. 
3 2: Excitation of Induction Generator. 
In its most rugged form the self excited induction generator consists of 
a squirrel cage induction motor with capacitive excitation as shown in 
Figure 3.1. The basic requirement for self excitation is the provision of 
currents of suitable phase to magnetise the iron of the machine. This is 
obtained from static capacitors so that the generator absorbs lagging VARS 
(ie., supplies leading VARS). Initial impetus comes from a small emf, ER, 
generated by the machine resulting from driving the shaft through a 
residual field ~R in the iron, as shown in Figure 3.2. The emf will thus lag 
the residual field by 90 degrees, and since the capacitors are connected over 
the machine terminals a current IR flows. 
3.2: Phasor 
~ 
~ NO LOAD TERMINAL 
C5 VOLTAGE 
):,. 
I 
/R 
of SEIG Initial State. 
MAGNETIZA T/ON 
i CAPACITOR LOAD LINE 
CURRENT 
3.3: No Load Excited Generator Characteristic. 
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If series impedances are ignored, IR leads ER by 90 degrees due to the 
effect of the capacitors and thus generates a flux which is in phase with <PR . 
The total flux thus increases and the process is repeated, ie., the generated 
Emf increases. This continues to a point where the load line for the 
capacitor intersects the magnetisation curve of the machine (see Figure 3.3) 
and it is then in an asynchronous excited state. The generated emf is of 
frequency proportional to the rotor speed less the slip. 
The exact nature of this excitation process has been recently discussed 
(Elder 1983), and the analysis considers the machine operation as being in 
two possible states: 
(1) A synchronous state occuring before excitation \vhere the machine 
behaves like a permanent magnet AC generator with residual magnetism 
causing synchronous stator currents to flow. The equivalent circuit for 
this synchronous state (Figure 3.4 ) consists of the 
excitation capacitance, stator leakage reactance, stator resistance and 
magnetising reactance, and is in the form of a resonant circuit. The 
forcing function for the resonant circuit is the emf generated by the 
residual magnetism of the machine and is thus of frequency proportional to 
rotor speed. The normal response of such a circuit is as shown in Figure 
3.6(a). This response must however be modified since the magnetising 
inductance varies as current changes as shown in Figure 3.5. The effect 
of this variation on the resonant circuit response is shown in Figure 
3.6(b) and if rotor speed is increased from zero the current will be seen 
to jump at the point shown. 
(2) An asynchronous state where the machine is excited. Analysis of this 
state taking the non-linear magnetising inductance into account yields the 
result shown in Figure (3.7). For self excitation to occur the resonant 
speed of the circuit must be exceeded and asynchronous currents ,viII 
subsequently flow. For stable asynchronous operation of the machine it 
must operate at a particular point of resonance and for anyone particular 
speed an upper stable point and a lower unstable operating point are 
possible. The stable point represents the machine in the excited state. 
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The lower point can either lead to excitation or the machine can drop back 
into the synchronous state as shown by Figure 3.8. 
R1 
--~--l, 
Xc 
of Machine Mode. 
~ 
-~ I-.: 
l.c.J 
~ ~------------------------~-~ I'1A GNE T/SING CURRENT (1m) 
~ 
Inductance Characteristic. 
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state. 
-
IN CURRENT 
SPEED (wz) 
Modified State. 
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For a machine starting from rest in the synchronous state the current 
increases up to the knee. If speed is further increased the current jumps up 
to a value above the asynchronous curve and is in the region where 
asynchronous currents can flow. The currents will increase to the upper 
stable part of the curve as shown by Figure 3.7 and the machine will be in an 
excited state. The equivalent circuit is now as in Figure 3.9. 
ROTOR ELECTRICAL SPEED (W2) 
3.7: Characteristic of state. 
I 
\ 
~ ASYNCHRONOUS 
\ 
\ 
\ 
SYNCHRONOUS 
States. 
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Xl R1 
Circuit of 
of Machine Unloaded. 
3.3: t·1easurement of Machine Parameters. 
3.3.1: Machine Parameters. 
X'2 R'2/S 
, 
2-
Mode 
The generator used in the wind turbine is an 8 pole, 3 kW, three phase 
squirrel cage machine rated for 415 V, 50 Hz operation. Machine parameters 
can be determined from standard light load tests and locked rotor tests. 
Measured machine parameters at mains frequency are given in Table 3.1. 
3.3.2: Characteristic. 
The 50 Hz magnetising characteristic can be measured from the light load 
test used above by running the machine as a motor and varying the input 
voltage and is shown in Figure 3.10. This characteristic can be approximated 
to the form given in Figure 3.11, where the current is the magnetising 
current when the voltage is zero and E is the saturation voltage. 
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Parameter Symbol Value 
Stator Resistance Rl 4.32 n 
Rotor Resistance R' 2 5.34 n 
(refered to stator) 
Stator Leakage Reactance Xl * 8.97 n 
Rotor Leakage Reactance Xl 2 * 8.97 n 
(refered to stator) 
Iron Loss Ro 
I 
1214 n 
* Xl : X~ for standard squirrel cage machines. 
Table 3.1: Machine Parameters, at 50 Hz. 
l&..J !.!:Ifs - - - - - - -
Ix MAGNET/SING CURRENT (1m) 
3.11: General Form of Machine 
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The curve of 3.11 can be described approximately by Equation, 
(3.1): 
E = .[1 exp{-k(I - I)}] m x (3.1 ) 
Since voltage is directly proportional to the rate of flux 
change, (3.1) can be modified for any as shown by Equation 
(3.2) where is the frequency at which the characteristic is measured (50 
Hz) and is the stator frequency of the generated 
E ::::: exp{-k(I - I)}] .fljf 
m x m 
(3.2) 
For the measured characteristic of Figure 3.10 a fit to within 5% can be 
obtained (3.2) for the values shown below. 
500 V 
I 0.32 A 
x 
k = 0.365 
= 50 Hz 
This the simplif ied expression:-
E 10. • [ 1 
-
1.12.exp{-0.365.1 }] 
m 
(3.3 ) 
Some values calculated from this expression for 50 Hz are compared with 
the results on Fi~~re 3.10. 
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To assess steady state operational characteristics of the self excited 
induction generator, bench tests were carried out using the test circuit 
of Figure 3.13. Capacitors of 94 \J F per phase were placed, star connected, 
over the terminals of the machine. The machine was arranged with star 
connected windings and a neutral connection made between the generator 
star point and the star point of the capacitors. 
Instrumentation was used to provide readings of terminal voltage, 
and load current and stator current, capacitor current 
Photographs of oscilloscope traces 
and are shown in Plates 3.1 (al to (cl. 
phase ang le. 
of terminal voltage were also taken 
Two bench tests were carried out, viz:-
(il An unloaded test 
(iil A loaded test where the load consisted of a complex R-L circuit 
The 
3.14 and 
is also 
machine. 
equivalent 
in addition 
shown. The 
circuit for the induCtion 
to the expected elements, 
complex load is dotted in 
/ 
.4.1: Unloaded Condition. 
machine is shown in Fi.gure 
the excitation capacitance 
for the case of the loaded 
Under no load conditions the power input to the machine shaft is 
to overcome internal losses and capacitor leakage power losses (refer 
The capacitors supply the magnetising current for the 
machine and the capactive current is related to the terminal voltage by: 
used 
to Figure 3.12) . 
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( 3 • 4 ) 
The reference phasor for the construction of the phasor diagram 
is the terminal voltage of 245 V, with the machine terminals used as the 
current node. The stator current is equal in magnitude to the capacitor 
current. The internal emf E can be determined from the terminal voltage 
and the voltage drops over the stator parameters R 1 and X 1 Notice that, 
due to the phase relationship between the terminal voltage V and the stator 
current 11 
voltage 
the magnitude of the internal emf is less than the terminal 
characteristically similar to the Ferranti Effect. Application 
of the internally generated emf to Equation (3.3) gives the value of the 
magnetising current I . 
m 
The current in the iron loss leg of the circuit 
can be calculated from: 
E/R. ( 3 .5) 
Vector summation of 1m and I fe gives the total magneti sation current 
10 of 4.19A. Calculation of the rotor current I'2 (referred to the stator) 
is made by subtracting the magnetisation current phasor 10 from the stator 
current phasor. Since the slip of the machine will be negative, the 
value of the voltage I~.R~/s will approximately be equal to the internal 
emf E (since 112.X':! will be small compared to I~ .R~/s) and will be in phase 
opposition to I~. 
3.4.2: Loaded Conditions. 
When the generator is operating under loaded conditions, it follows 
the torque-slip curve of Figure 3.16(a). The generator is now connected 
to the complex load shown in the equivalent circuit of Figure 3.14 and 
therefore, is supplying active and reactive components of current into 
the load. The phasor diagram must now be modii ied to account for these 
in-phase and quadrature components I and I respectively. 
p q Since the 
generator cannot supply the lagging current I into the load, 
q 
its source 
must be the excitation capacitors and if the load lagging reactive current 
increases, the amount of ing reactive current available for generator 
excitation decreases with a corresponding drop in generated voltage. 
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E 
v 
I~ R~/s 
H, 4.320 
R' 5.340 , 
X, Xi 5.290 
R, 12140 
fl 29.5 Hz 
Ul 185.35 rad/sec I 
V = 245 v. 0° = 245 T j 0 
I 4.27 A. + 90° 0 . 4.27 
c 
I, 4. 27 A - 90° = 0 - j 4. 27 
I" .R, = 18.45 V, - 90° 0 - j 1B.45 
~ ,X , - 22.59 v, 0° = 22.59 + j 0 
E = 223.17 V,+4.27 222.41 • j 18.45 
1m 4.18 A, - 85.26° 0.35 - j 4.17 
0.18 A + 4.27° 0.18 + j 0.01 
I, 4.19 A 82.74° 0.53 
-
4.16 
I' 0.54 , A, 168.27° = 0.53 - j 0,11 
10 
t~easured 245V 
TORQUE 
Hofor 
+ 
Figure 3.l6(a): Torque Slip Characteristic. 
/ 
/ 
/ 
/ 
/ 
OPERATING POINT 
CURRENT 
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The generated frequency of the machine is dependent on the rotor 
speed and the slip and is:-
f n.p/(l s) ( 3 .6 ) 
The rotor speed is higher than the synchronous speed of the generated 
emf hence the slip is negative. 
the value of R~/s is negative. 
Also, since power is being generated. 
If the internal losses of the machine 
are, for the time, ignored, the generated and load powers are equal. 
( 3 • 7 ) 
Thus the slip is:-
s -R' /R 
:2 L 
( 3.8 ) 
Equating (3.7) and (3.8) gives:-
n.p/(l + R~/RL) ( 3 . 9 ) 
It can be seen that as the load increases the generated frequency 
drops and the magnetisation characteristLc falls into a lower curve as 
shown in Figure 3.16(b). Additionally, the load line of the capacitor 
goes to one of higher slope due to the increased capacitive reactance. 
The new generated voltage, as a result of the load inc~ease, falls to 
the new value as described by the new intersection point. It is possible 
to restore the voltage (providing the drop was not execessive) by increasing 
the capacitance or by increasing shaft speed. It is only an increase 
in shaft speed which will restore frequency however. 
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The phasor diagram in the loaded case has been drawn for a terminal 
vo e of V 208.5 V at fl 50 Hz and a load current of I 3.77 .r;,. 
at a phase angle of 6= 61 degrees. It is similar to the unloaded case 
except that the quadrature lagging current being supplied to the generator 
from the capacitors (i. e. I the generator supplies quadrature current 
to the capacitors) is reduced by the load quadrature current. An additional 
in component of load current also exists due to The terminal 
vo e v is used as the ref erence and the capaci ti ve cur rent 
therefore leads it by 90 degrees. The load quadrature current is:-
1.sin rp (3.10) 
I 
c 
is in phase opposition to I 
c 
as shown in Figure 3.17. The stator 
current 11 can then be calculated by adding the phasors I I 
C 
I and p 
By the stator voltage drops I].R 1 and 11 .X 1 into account the internal 
emf E can be determined, hence the magnetising current I estimated from 
m 
3.3. Using Equation (3.5) the iron loss component Ife can be 
estimated and su~sequently vectorially added to I to give the total 
m 
magnetisation phasor 10 Phasor sL!btraction of 10 from the stator current 
or 11 will give the rotor current I; referred to the stator. 
Conventional theory for the induction motor predicts that the 
sum of the voltages I~.R~/s and I~.X; will give the internal emf E. 
is illustrated by the broken lines of Figure 3.17 where the line 
This 
leI 
to 1'2 is the path along ' .... hich 1'2.R'2/s should follow (remembering that the 
sl is negative for a generator). The line normal to r ~ . R; / s to the head 
of the internal emf phasor E represents the geometrically calculated value 
of I'i.X'2 and is approximately 68V. However lit is seen that if the value 
of I~.X~ is calculated using the value of r; of 2.S6A and the value of 
X~ of 8.97 a figure of 23V is obtained. This discrepancy is not in accord 
wi th ex theory and further consideration is required to explain the 
abnormal 
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R! 4.32 n 
11 X1 
I1R1) \ 
" 
"" 
R: 5.34 (l , 
XI X ,I B. 97 (l 1 
R, 1214 (l 
fl 50 Hz 
"" 
w, 319.16 rad/sec 
". V 
"" ( 
\ 
\ 
\ 
\ 
\ 
\ 
v = 208.5 V, 0° 208.5 t j 0 
I 6.16 A, t 90 0 G t 6.16 
c 
r = 3.77 A, 60 0 1. 83 - j 3.30 
I 1.83 A, 0° = L83 t 0 
P 
90° I 3.30 A, - 0 - j 3.30 q 
122.61° I I 3.40 A, - - 1.83 - j 2.86 
I I .R! 14.69 V. - 122.61
0 
= - 7.92 - j 12.37 
11 . X~ 30.50 V. - 32.51° = 25.G9 j 16.44 
E 192.89 V, t 8.59° 1.90.73 t j 28.81 
\ 
\ 
I 1. 64 .z,., - 81. 41 Q 0.24 - j 1.62 
m 
0.16 A, t 8.59° 0.16 t j 0.02 
\ I 1.65 ,\, -75.96° 0.40 j 1. 60 
\ I ~ 2. 56 ,\ . - 150.53° 2.23 - j 1.26 2 
\ 
8.SV 
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The observed irregularity in the phasor diagram can be accounted 
for by allowance for the power losses in the machine due to harmonic current. 
These arise from non-linearities in the B-H curve for the machine and 
since it is ing under a four wire system currents of the third harmonic 
will flow both the stator and rotor circuits. Verification of 
the existence of these harmonics can be obtained from the waveforms of 
the terminal voltage in Plate 3.1 and the theoretical waveforms of 
3.23. The 
I r I 
Ip I 
R~~ 
I 
I 
\! 
where 
V\) is 
Iv is 
\) is 
-II 
IC1 I 
X~~ 
L_ 
of the harmonic current is:-
( 3.11) 
the harmonic voltage 
the harmonic current 
the harmonic number 
-I R, 
-11 -
l Xc R' RO 3 
t I~ 
Circuit 
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The total third harmonic loss P 
3 
will be generated from the third 
harmonic current 13 passing through the stator and rotor resistances, i.e., 
(3.12) 
where 
R;3 is a value of rotor resistance (referred to the stator) giving 
the appropriate rotor loss to third harmonic currents. 
This third harmonic power loss can be accounted for by adding to 
the equivalent circuit a fictitious shunt loss component R' 
:3 
referred to 
the fundamental frequency as shown in Figure 3.18, so that:-
where 
E.I' 
:3 
(3.l3) 
1j is the equivalent fundamental current through the additional loss 
element R t·. 
3 
Tl:.e diagrams previously drawn for the unloaded and loaded 
cases can now be redrawn. 
For the unloaded case, calculation of the internal emf proceeds 
as previously. See Figure 3.19. 
The third harmonic current can be evaluated from Equation (3.11 ) 
where the third harmonic voltage over the machine terminals is estimated 
to be 35% of the fundamental or approximately 85 V phase to neutral. This 
gives a harmonic current of 13 4.62 A. 
265 W per phase and internal emf of E 
For a subsequent power loss of 
223.2 V, a value for I I can 
3 
be found to be 1.19 A where I ~ is the equi valen t fundamental current through 
the additional loss element. The rotor current I '2 can then be found by 
subs tracting the phasors and from the stator curr'8nt I 
1 
The vol t:age 
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phasors I~ R~/S and I I. X I 2 :! summate to give E, the internal emf. Although 
the power loss to third harmonic makes li t tle change in the unloaded case, 
a significant difference can be seen for the loaded situation. 
In the loaded case shown in Figure 3.20, the internal emf is as calculated 
previously to be 192.9 V with an estimated third harmonic voltage of 30% 
of the fundamental at the generator terminals. The third harmonic current 
actually flowing is 13= 5.54 A (refer to Equation (3.11)). 
A power loss of P 3 395 W per phase together with the internal emf 
of E 193 V gives a value for the equivalent fundamental current I ~ through 
the additional loss element of 2.3A. 
current I Q and harmonic Joss current 
Phasor subtraction of magnetisation 
I I 
3 
from the stator current I 
1 
yield 
a value of I I 
:! 
4.78 A for the rotor circui t. Phasor addition of I~. R; / s 
and I' .X' now correctly gives 
2 2 
with the circuit of Figure (3.14). 
3.6: 
the internal emf E which was not possible 
When operating in the normal excited state the terminal voltage of 
the machine is determined by the intersection point of the capacitor load 
line and the magnetisation curve as shown by Figure 3.3 and 3.11. As the 
terminal voltage is increased by an increase in excitation capacitance, 
i.e., by lowering the s of the load line, the machine operates at a 
point where the magnetisation curve is of lower slope and is at a point 
where the iron is nearing saturation. The eff ect of this on the terminal 
voltage is to clip the top of the normally sinusoidal waveform and as the 
machine is driven further into saturation the waveshape will theoretically 
approach a square form. 
Fourier ana is of a clipped sinusoidal waveform will, in addition 
to 'a fundamental component, contain odd harmonic voltages, noteably third 
and to a lesser extent fifth. 
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11 X1 I1R1~  
r'X'~ 2 2 
V 
I~ R~/s 
RI 4.320 
R, 5.340 
XI X'2 = 5.290 
R. 12140 
f, 29.5 Hz 
Ol 185.35 rad/sec 
V = 245 V, 0° 245 + j 0 
I = 4.27 
C 
II 4.27 
A, + 
A, 
90° 
900 
o + j 4.27 
0-j4.27 
I, • Rl 18.45 V, o j 18.45 
Ii ,XI 22.59 V, 00 
E 
I 
m 
I. 
I' 
J 
° 223.17 V.+4.27 
= 4.18 A, - 85.26° 
= 0.18 A. + 4.27° 
~ 4.19 A, - 82.74° 
22.59 + j a 
222.41 + j 18.45 
0.35 
- j 4.17 
= 0.18 + j 0.01 
0.53 4.16 
1.19 + j 0.09 
I' 2 173.37° = - 1.72 - j 0.20 
I' 
1 R~/s 222.98 V, + 6.63° - 221.49 + j 25.74 
I;.X; 9.15 V, - 83.J7° • 1.06 - 9.09 
245\/ 
v 
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R, 4. J2Q 
R 5. ]4" 
2 
X X' ~ 8.97" 
1 2 
R. 1214 " 
f 
1 
~ 50 Hz 
w 
1 
]14.16 rad/see 
V 208.5 V, 0° = 200.5 + j 0 
Ie = 6.16 A, + 90° 
].77 A, - 61° 
o + 6.16 
1.83 - j 3.30 
I 
P 
I q 
1. 83 
3.30 
0° 1. 83 + 0 
90° = 0 - j 3.30 
I, 3.40 - 122.61° = 1.83 - j 2.86 
I,.R, = 14.69 V, - 122.61° - 7.92 - j 12.37 
32.61° = 25.69 16.44 
E = 192.89 V, + 8.59° 
I 1.64 A, 81.41° 
m 
I
fe 
0.16 A, + 8.59° 
I 1. 65 A, - 75.96° 
° I' 3 2.30 A, + 8.59° 
190.73 + 28.81 
0.24 1.62 
0.16 + j 0.02 
0.40 1. 60 
2.27 + 0.34 
r; 4.78 A, - 160.43 4.50 - j 1.60 
I~.R~/s 188.06 v, + 19.5r = 177.20 + j 62.99 
I' .X' 2 , 42.88 v, 70.0° = 14.36 40.40 
!vle3sured 208.5V 
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If a large amount of hysteresis is present in the magnetisation the 
current waveform will become non-symmetrical about the pe~<, adding in 
additional harmonics. Generally, however, for most machines the hysteresis 
is relatively small and the only significant harmonic will be third. 
This is evident from the series of traces shown in Plate 3.1. As the 
terminal voltage is increased, the third harmonic content also increases and 
existence of the harmonics above the third is not obvious. This 8i tuation 
becomes clearer by considering the equivalent circuit of the unloaded machine 
of Figure 3.9. 
For the fundamental component, the rotor frequency w is higher than the 
2 
frequency of the generated emf,w 1 ' and slip is negative indicating power 
generation. 
(3.14) 
For the harmonics, the frequency of the emf is now higher than the rotor 
frequency and the slip is positive indicating that the harmonic power is 
h~ing absorbed by the machine. As the harmonic number \) increases the slip 
approaches unity and the value of R~ /s approaches R~. Also, as the harmonic 
number increases the values of the rotor and stator leakage reactances 
increase while the capacitive reactance decreases. Since ~~e terminal 
voltage is measured across the capacitors, the existence of harmonic voltages 
will become less evident as harmonic number increases. 'rhe values of the 
reactances in question are:-
x = 1/ (\).~ .C) 
c 
x \).~ • L 1 
(3.15) 
(3.16) 
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a Terminal 150 v. 
(b Terminal 200 V. 
Plate 3.1: No Load Generator Terminal Waveforms. 
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Terminal 250 v. 
Plate 3.1: No Load Terminal Waveforms. 
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(3.17) 
where 
\I is the harmonic number 
W1 is the fundamental 
A further anomaly associated with Plate 3.1 (c) requires explanation in 
that the third harmonic wave lags the fundamental component. This is evident 
from the way in which the two third harmonic protrusions on top of the 
fundamental component are not of equal height. If the stator section of the 
circuit only is considered as in Figure 3.21 then the phasor 
diagram of Figure 3.22 can be drawn. The terminal voltage can be calculated 
from the stator current and the capacitive reactance for any particular 
harmonic. 
E 
3.21: Stator Circuit. 
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The internally generated voltages for the fundamental component and 
third harmonic will be in phase, i.e. a voltage zero is common to both 
waveforms, thus El and E3 are in phase. The terminal voltages can 
subsequently be drawn taking into account the changes in leakage reactance of 
the stator and capacitive reactance as the frequency is increased from 
fundamental to third harmonic. 
The relative phase relationship between the terminal voltages can be 
found from the angles Bl and 63 • Figure 3.23 shows the terminal fundamental 
and third harmonic voltage waveforms with the corresponding phase shift 
between the fundamental and third. Note that for Figure 3.23 the wt axis is 
marked for fundamental angles only. The two terminal voltage waveforms are 
summed to give a wave shape as should be seen at the generator terminals. 
Comparison of Figure 3.23 to the actual waveforms of Plate 3.1 shows a close 
relationship. 
3.7: 
The mechanics of self excitation have been revieWed. Phasor diagrams 
have been drawn for the unloaded and loaded cases and found to not accurately 
relate to the equivalent circuit currently used. An alternative equivalent 
circuit model has been proposed which overcomes the difficulties. This 
proposed model will require further research and development. Harmonic 
voltages generated by the machine have been shown to be significant in the 
third only with higher orders being effectively 'short circuited' by the 
excitation capacitors. It has also been shown that the self excited induction 
generator will be operating under conditions of widely varying voltage and 
frequency when applied to the wind turbine. 
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200 + jO V 
E, 50 + jO V 
Ii 1 .4 + j7.8 A 
I3 = 0.8 j3.0 A 
.R 1 S.8 + j33.7 V 
II. Xl 
"" 
-69.9 +j12.7 V 
I 1 ·X =: V 264.7 j42.4 V c 
I;pRl = 3.6 -j12.9 V 
80.2 + j22.2 V 
3.22: Phasor Fundamental 
and Third Harmonic Currents and 
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v 
(a) \i 0.15 Pu, 3m Harmonic Phase Shifted 10° . 
" " , ,", 
.. " 
wi ',.f 
,,' .1 
Pu, V3 "" 0.25 Pu, 3rd Harmonic Phase Shifted 10° • 
on",,,, 
" ' 
1 Pu, V3 "'" 0.4 Pu, 3rd Harmonic Phase Shi fted 1 0° . 
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CHAPTER 4. 
CONTROLLABLE RECTIFIER. 
4.1: Introduction. 
A characteristic of all rectifying devices is that they are nonlinear in 
that they conduct current readily in one direction and poorly, if at all, in 
the opposite direction. Although it had been known for a long time that the 
electric arc possessed a nonlinear characteristic it was not until 1905 that 
this property was applied to the construction of the mercury arc rectifier 
for the conversion of alternating current to direct current. The earliest 
devices were usually of a single cathode - multiple anode design using star 
or centre tapped transformers. 
The development of semiconductor devices revolutionised the construction 
of rectifiers, firstly with the diode and later with the thyristor. The 
major advantages of these devices were that they were not as delicate as the 
mecury arc rectifier, they were relatively small and required no form of 
ignition as did the mecury arc rectifier. In the case of the thyristor only 
a low power control signal is required to turn them on. Developments in 
medium range power semiconductor devices include larger transistors capable 
of handling several hundred amperes and the gate turnoff thyristor. The gate 
turnoff thyristor has the ability to block at any point on the 
conduction cycle whereas normal thyristors do not turn off until they become 
reverse biassed and current goes to zero. The GTO cannot however turn off if 
the current rises above a certain level and also has the additional 
disadvantage of a high turn on voltage. Conventional thyristors have been 
used in the rectifier for the wind generator, as they provide a well proven 
and rugged means of rectification. 
Uncontrolled rectification is obtained by use of either a half wave 
diode bridge or a full wave diode bridge. Figure 4.1 shows the basic form of 
uncontrolled diode rectifiers for half and full wave situations for both 
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L 
o 
A 
o 
(a) 1 Phase, Half Wave. 
(c) 3 Phase, Half Wave. 
L 
o 
A 
o 
(b) 1 Phase, Full Wave. 
(d) 3 Phase, Full Wave. 
L 
o 
A 
o 
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single phase and three phase supplies. The voltage of the DC output is 
dependent on the AC supply voltage and for practical purposes is fixed 
ie., uncontrolled. The output voltages for the circuits of Figure 4.1 are 
given in Table 4.1 where E is the peak AC phase-neutral voltage. The bridge 
rectifiers have two major advantages over half wave circuits. Since the 
bridge rectifier is a full wave rectifying device it is possible to obtain 
twice the output voltage as both the positive and negative half cycles are 
used. Additionally the phases for the bridge rectifier do not carry any net 
DC current since each conduction cycle causes the phases to carry two 
components in opposite directions. The absence of this DC current in the 
phases is a major advantage as it eliminates electrical heating effects in 
the AC source other than those due to the AC currents. 
Input Type Half Wave Voltage Full Wave Voltage 
1 Phase Eh 2.E/K 
3 Phase 313 .E/2.K 313 .E/K 
Table 4.1 Uncontrolled Rectifier Output Voltages. 
A great advantage of half wave rectifiers is that the output DC voltage 
can be easily referenced to some point in the AC circuit. For a single phase 
rectifier this would be one side of the source and for a three phase bridge 
reference is made to the neutral. For bridge rectifiers this is not possible 
since both the output terminals follow the AC voltages. Referencing either 
output to any of the AC terminals would place a short circuit on the supply. 
For bridge rectifiers either the AC must float or the DC output must float 
with reference to the other side of the bridge. Another advantage of half 
wave rectifiers is one of lower cost compared to bridge circuits. 
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Full Wave Controlled 
For the case where the rectifier is fed directly from a generator it is 
of particular importance to eliminate any possibility of DC currents flowing 
in the machine windings, since the machine rating would need to be reduced 
to account for the heating effects of the DC current. For this reason the 
bridge circuit has been selected for this project. 
Controlled rectifiers are similar to uncontrolled rectifiers except that 
t~e diodes are replaced by thyristors, allowing control over which part of 
the half cycle conduction is allowed to begin. The circuit for a three phase 
fully controlled bridge is shown in Figure 4.2. Whilst diodes will always 
conduct when they become foward biassed, the conduction for thyristors can be 
delayed until an appropriate voltage is applied to the gate, ie., until the 
thyristors are fired. The thyristors cease to conduct when they become 
reverse biased and the current falls to zero. The electrical angle between 
the AC fundamental voltage zero and the instant when the thyristor is fired 
is the delay angle ~ Jas depicted in Figures 4.8 and 4.91 and as delay angle 
is increased the DC voltage output decreases. The advantage of the 
controlled rectifier is that by varying the delay angle it is possible to 
control the load, and thus provide a convenient method of controlling 
generator electrical load for the vlind turbine. 
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4.2: The Controlled 
For the of Figure 4.2 operation would begin say with thyristors 
and 2 conducting. As e becomes negative with 
a 
becomes reverse biassed since thyristor 3 has fired, 
to thyristor 
in thyristor 
extinguishing. as e becomes negative with to thyristor 
a 
2 will extinguish and 4 will conduct. The complete sequence of conduction is 
and 2, 3 and 2, 3 and 4, 5 and 4, 5 and 6, and 6, 1 and 2, etc. For 
rectifiers supplied from a source which is mainly inductive the transfer of 
current from one thyristor to the next will be slow and a of overlap 
will occur where both devices are simultaneously conducting, causing what is 
referred to as commutation overlap, and can have substantial effects on the 
performance of rectifiers. 
The equations which describe rectifier operation are well known and 
documented in t~e literature (Seymour 1968, Adamson 1960, Davis 1979). A set 
of simplifying assumptions is made and these assumptions ar.e:-
(1) The foward drop of the thyristors may be neglected. 
(2) The reverse leakage current of the thyristors may be neglected. 
(3) Cir~uit resistances (apart from the load) are small enough to have no 
appreciable effect. 
(4) The rectifier is supplied from an infinite bus giving a pure sine wave 
of voltage. 
(5) The rectifier output is smoothed hence average and rms values of the 
DC output are equivalent. 
(6} The DC load has infinite inductance. 
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The DC voltage output can be found by equating input and load powers: 
3. V • Lcos q> (4 .1 ) 
where V is the phase to neutral rms voltage. 
For rectifiers where commutation overlap occurs the phase angle can be 
related to the delay angle and overlap angle by (Adamson 1960): 
cos q> [cos a + cos(a + y)]/2 (4.2) 
and 
I ::: • v6/lt (4.3 ) 
Equating (4.1), (4.2) and (4.3) gives:-
Vd ::: 0I6/2n:). V. [cos a + cos (a + y)] (4.4) 
~vhere 'Y is the overlap angle. 
In terms of peak phase - neutral voltages, Equation (4.4) is:-
Vd -:::: (3.f3/21t) .E. [cos C! + cos (a + 'Y)] (4.5) 
If commutation overlap is ignored then the DC voltage becomes:-
Vd ::: (316/n ).V.cos a (4.6 ) 
E~lation (4.6) can also be related to the three phase bridge 
when a = O. The active component of current can be found using Equation (4.2) 
and Equation (4.3):-
or 
I 
P 
I.cos q> (4.7) 
I :::; (.f6/2rr.) .. [cos a + cos(a + y)] p (4.8) 
61 
For the reactive component a similar approximation as used in Equa"tion 
(4.2) can be used, ie., 
Lsin !p (4.9 ) 
or 
(4.10) 
If commutation overlap is ignored these become:-
(4.11 ) 
:::: (.f6/Tt). Id .sin a (4.12) 
The above equations are valid for sinusoidal input voltages implying a 
pure sine wave source. For connection of the rectifier to a self excited 
induction generator the assumption of a sine wave source is not valid as 
was shown in Chapter 3. The difficulty arising for non - sinusoidal sources 
results from the possibility of the rectifier control circuits detecting 
spurious phase crossovers. Since these phase crossovers are used to determine 
thyristor firing timing, incorrect crossover detection will result in 
unwanted thyristor conduction. 
The presence of harmonics in the AC voltage is therefore of considerable 
importance. Although the self excited induction generator has considerable 
inductance in its windings the presence of commutation overlap will be 
greatly reduced due to the presence of shunt capacitors over its terminals 
and has therefore subsequently been ignored in the following. It was also 
assumed in the above that the DC output was smoothed by some means J usually a 
reactor J however for the application used no smoothing was incorporated, 
necessitating the development of new voltage equations. This topic is persued 
in Section 4.3.3. 
Page 62 
4.3: Rectifier 
4.3.1: Des 
The requirement of variable wind turbine operation was described 
in Chapter 2 and implied the generation of a variable frequency voltage. The 
rectification of this waveform therefore operation of the rectifier 
over a wide range of frequencies with a linear relationship between control 
voltage and true delay angle. regardless of what the frequency is. 
Additionally. since severely distorted waveforms are likely it is required 
that the rectifier operate reliably when large harmonic content is present at 
the input. The design implemented gives linear control from 5 Hz to 300 Hz on 
waveforms with abnormally large harmonic content. 
4.3.2: Rectifier 
The rectifier consists of five main components (refer to Figure 4.3) 
viz: 
(1) Phase Crossover Detector. 
The phase crossover detector provides indication of when the phase to 
neutral input voltage waveforms cross, the indication being used as a 
reference for delay angle as shown in Figure 4.4. The detector outputs 
three crossover detection pulses and three reset pulses, one crossover 
detection pulse for each crossover between two phases and one reset pulse 
for each negative crossover between two phases. The reset pulses simply 
ensure correct sequencing of thyristor firings. 
(2) Control Board. 
The control board reads the phase crossover signals and generates the 
appropriate firing commands. Delay angle control is obtained from the 0 -
10 V control line on to the board where 0 V corresponds to no angular 
3 PHASE 
IN FROM 
GENERA TOR 
AC & DC 
X/~L~~,S A 7~S ¢:a:::t:~-!?:'--'::!1!,<,..=.-:-:S-5."'E.r~~-=:,=_·.::.-.. ::;J 
INTERFA 
RACK PHASE CROSSOVER 
DETECTOR 
3 PHASE I FULL WAVE 
BRIDGE 
FIRING 
BOARD 
A Y ANGLE 
FRON 
INTERFACE RACK 
4.3: Controlled Rectifier Schematic. 
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TO 
LOAD 
delay (ie., full output voltage) and 10 V corresponds to full angular 
delay (blocking). When a phase crossover pulse is detected the control 
circuit generates a ramp of 120 degrees width, regardless of frequency. 
Refer to Figure 4.5. This is accomplished by the use of the circuit of 
Figure 4.6. The crossover pulses are passed through a monostable 
to produce sharp start pulses of about 100 IJS width which coincide with 
the phase crossovers. These are filtered so that a DC voltage level is 
developed) its amplitude being proportional to the frequency of the 
incoming start pulses, ie.) proportional to the frequency of input to the 
rectifier. This level provides the current If to the positive input of 
the integrator which generates the positive ramp) its slope depending on 
the value of I and therefore also dependent on input frequency. Reset is 
f 
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provided by using the start pulses on the negative input to the integrator 
thus forcing the output to zero at each phase crossover. The diodes 
prevent any loading down effect each input may have on the other. 
A comparitor sends the command to begin firing when the control signal and 
ramp intersect. The firing command persists for a full 120 degrees but is 
only effective up until the thyristors become naturally reverse biassed at 
which stage they turn off, even though the firing command is still 
present. The rectifier is thus capable of operating over a wide range of 
input frequencies. A logical AND is performed between the firing command 
and a 65 kHz square wave from an oscillator to provide a train of firing 
pulses which can be transmitted through the pulse transformers of the 
firing board to the gates of the thyristors. 
(3) Firing Board. 
The firing board amplifies the six firing signals (to the six thyristors) 
to an appropiate level and isolates them through pulse transformers before 
being sent to the gates of the thyristors. The isolation is necessary for 
protection of the control circuits since the thyristor gates operate at 
input AC voltages. 
(4) Rectif ier Bridge. 
The bridge is of a three phase, six pulse design as shown by Figure 4.3. 
The thyristors used are rated at kV and 24 amperes. Snubbers are 
provided over each thyristor to protect against excess dV/dt. To enhance 
the fast commutation capabilities of the bridge it is necessary to obtain 
a large value of di/dt, requiring fast gate pulses, hence the use of the 
65 kHz square wave for the generation of the firing pulses. 
(5) Transducers. 
Measurement of AC and DC voltage and current is made using voltage 
di viders and current shunts with true rms detec'tor circuits. Since the 
waveforms on the AC side could be severely distorted and also since the DC 
CROSSOVER 
PULSES 
RESET 
PULSES 
Figure 4.4: Phase Crossover Detector Operation. 
a b 
FIRING COMMAND 
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MONOSTABL E 
CROSSOVER 
PUL IN RAMP 
OUT 
INTEGRATOR 
4.6: Variable 
RV1 ' 
SLOPE 
ADJ· 
Generation. 
output is not smoothed by a reactor, all signals could not simply be 
averaged and hence required true true rms detection. The rms detectors 
shown in Figure 4.7 use four quadrant multipliers to square the incoming 
signal which is then averaged and the square roots then found by another 
set of four quadrant multipliers. The optical isolators provide isolation 
between the detector boards and the remainder of the con.trol panel since 
the detectors float at line potentials. 
INPUT 
FRON 
DIVIDER 
OR SHUNT 
4.7: True RMS Detector Schematic. 
OUTPUT 
0- 10V 
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4.3.3: Rectifier 
The development of the following equations differs from that normally 
made in that commutation overlap is ignored and the assumption of a smooth DC 
output is not valid since a purly resistive load is used, ie., a reactor is 
not used in the DC circuit. It is therefore necessary to develop equations 
which determine the rms value of the voltage. Two separate equations have 
been developed for the cases of a less than 60 degrees, ie., the situation 
where the conduction cycles are a full 60 degrees wide and also for greater 
than 60 degrees. These two cases are illustrated in Figures 4.8 and 4.9. 
(1) a <= 60 degrees. Refer to Figure 4.2. 
Energy in rms signal Energy in actual signal 
ie .. 
where R 
L 
J
(CHlt/3 ) /w 
e aiR dt 
L 
(a/w) 
is the resistive load. 
T is the period for one conduction cycle. 
E is the peak value of phase 
e is the instantaneous value 
V is the rms phase voltage. 
e = e
ab = {3.E.sin(wt + K/3) 
Equating (4.7) and (4.8) gives:-
J
(aU/3) /w 
V2. == 3 .E2 /T. sin:! (wt 
d 
(a/w) 
+ It/3) dt 
voltage. 
of phase voltage. 
(4.13) 
(4.14 ) 
(4.15) 
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V2 
d 
Plate 4.1: The Controllable Rectifier. 
3.V2/T.w [ x/3 + J3/2 cos(2.a)] 
(2) a > 60 degrees. 
(4.16) 
Analysis is similar to that above except that the period where 
conduction does not take place must be accounted for. 
V2 3.V 2/T.w [2x/3 - a - 1/4.sin(2.a) + J3/4.cos(2.a)] (4.17) 
d 
Figure 4.10 shows the calculated values of normalised DC voltage for the 
rectifier with mains (sinusoidal) input and also the corresponding values of 
measured normalised DC voltage, exhibiting differences of less than 10%. 
Plates 4.2 (a), (b), (c), (d) show the phase voltage and DC output voltage 
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for delay angles of 90, 60, 30 and 0 degrees respectively. Notice that for 
delay angles of greater than 60 degrees the conduction cycles are less than 
60 degrees wide. For the 60 degree delay angle, the conduction cycles are 
just 60 degrees wide and for delay angles of less than 60 degrees the 
conduction cycles are 60 degrees wide. 
4.4: 
A general overview of rectifiers has been given. Design and operation of 
the rectifier are described with emphasis placed on the unusual frequency and 
harmonic content requirements. Equations have been developed for the rms 
voltage of the unsmoothed output waveform and compared with test results for 
mains input. 
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(a) CI. 
(b) CI. 
Plate 4.2: DC 
+ -1 
Waveforms. 
N 
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(c) ~ = 30 Degrees. 
Plate 4 2 
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CHAPTER 5 
THE WIND TURBINE. 
5.1: Introduction. 
Chapter 5 gives a description of the mechanical components of the wind 
turbine generator. The Introduction outlines the design of the turbine by 
giving a short description of the major components. The sections followi~g 
this deal with the steady state loads of the machine and since turbine blades 
constitute an area where failure is common, particular emphasis has been 
placed on loads associated with them. The effects of transient and cyclic 
loads have not been included in the following, however safety factors have in 
general been kept high (refer to Oberg, 1966, p351) to take account of these. 
Final results of the calculations have been included in the following 
sections and show estimates of stress and safety factors. Appendix 2 gives 
details of parameters used in the calculations. 
The windmill is a horizontal axis downwind type with three fixed pitch 
blades as shown in Figure 5.1. Since a recent study (Miller 1983) has shown 
that optimal twisting of blades only results in about a 5% improvement in 
turbine performance it was not considered essential, or of value for the 
purpose of this project, to involve the added constructional complication 
of blade twisting. The blades are of RAF 39 profile and the pitch can be 
altered with the wind turbine at rest. The downwind or self steering feature 
was used as it obviated any necessity for continual control of turbine 
orientation, thus simplifying the design of the control system. To provide 
the torque required for self steering by the action of drag on the blades, 
the hub is mounted 1000mm back from the yaw shaft. Yaw rate is damped to 
prevent excess precession loading. 
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The hub drives a shaft supported by two bearings (Refer to Figure 5.2) 
through a flexible coupling to a gearbox of 1 :10 step up ratio. The 
generator mounts directly onto the end of the gearbox with gear coupling. 
The purpose of the flexible coupling is to reduce the effects of shock and 
misalignment in the drive train. The main shaft bearings are self aligning 
with the rear bearing taking all of the axial loading. 
The pod mounts a 4m long vertical yaw shaft inside a steel column and is 
supported by two self aligning bearings as shown in Figure 5.3. Support 
gussets are used for added strength in the welded joint between the column 
and bedplate. The bedplate has been simply bolted to a steel lattice tower 
of some 15m height so that the whole turbine structure can be resited to 
other towers. The yaw shaft is hollow to allow cables to pass through with 
sliprings located at the lower end to facilitate connection of power and 
signal cables. 
A yaw drive mechanism is located at the base of the support column under 
the bedplate and comprises a herringbone gear mounted on the yaw shaft and 
the pinion mounted on a hydraulic motor. The pump and pump drive for these 
hydraulics are located on a separate stand along with hydraulic valves and 
oil tank. 
The braking mechanism used to bring the turbine to rest consists of a 
brake disc located i~mediately forward of the rear main shaft bearing. It is 
a 305mm diameter disc with two hydraulic calipers. Each caliper has separate 
actuation from 24V DC servos operated from isolated DC supplies for improved 
security. Shaft angular deceleration rate is monitored and held below 2 
2 
rad/sec or about 100 rpm to 0 rpm in 5 sec. A hand controlled cable 
(operating through the vertical shaft) can also be used to operate both 
calipers, the handle being located below the bedplate. 
In all of the following calculations safety factors have been estimated 
on the ultimate strength of the materials. 
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5.2: Blades and Hub 
5.2.1 : of Blades. 
The blades have been designed for ease of construction and are composed 
of the. three main parts shown in Figure 5.4. The spindles are of alloy 
steel, chrome plated over the entire surface to reduce rusting and 
subsequently heat treated to prevent hydrogen embrittlement. The spars are 
composed of four folded sections of 1.2 mm sheet galvanised steel which are 
riveted together with monel rivets, providing a very light and strong design. 
Each spindle and spar are connected using 5 mm countersunk screws along each 
of the four sides of the spars. To improve the strength of this joint the 
sheet steel is formed into the countersink of the screw holes in the spindle. 
Epoxy resin glue has also been used in order that water will not collect 
between the two surfaces. 
The blade is formed with polyurethane foam sandwiched over 3mm 
marine ply to give added stiffness during construction. Refer to Figure 5.4. 
The polyurethane foam simply provides the form for the required profile and 
was shaped before bonding to the ply. The polyurethane is glued into the 
spar with epoxy resin and then sealed with a further coat of epoxy resin and 
covered with two layers of diagonally opposed 50mm wide, 165 gm. weight 
E-glass tape to give a total thickness of 5mm in epoxy resin. The ultimate 
tensile strength of the glass reinforced plastic (GRP) is 250MPa (Holloway 
1978). The GRP skin is also directly bonded to the spar. 
Load estimates have been made at four points, marked A,B,C,D on Figure 
5.4, for two cases:-
(i) With the mill shutdown (locked rotor) and a 30 m/s wind impinging on 
to the blades at right angles. The blade is assumed to be a flat plate 
under this condition with a drag coefficient of '1.3 (calculated for a 
slender flat plate of ratio b/a=0.3/2.7 - Von Misis, p97, Fig. 53). 
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(ii) With the mill rotating (free rotor) at 
specified pitch angle in a 30 m/s wind speed. 
degrees (true pitch of 15 degrees). 
5.2.2: Locked Rotor Calculations. 
maximum speed and at a 
The pitch angle used is 75 
The shear force at any test point on the blade will be given by the 
aerodynamic drag for the blade section beyond the test point and is:-
D (N) (5 .1 ) 
The moment acting as a result of this force is the drag times the 
effective radius at which the drag is considered to be operating at one point 
and is:-
M (Nm) 
The stresses at the test point are thus:-
(J 
s 
M/Z 
D/A 
(MPa) 
(MPa) 
(5.2 ) 
(5.3) 
(5.4 ) 
where Z is the section modulus and A the cross-sectional area of the test 
point. For test points A and B where the cross-sections are not composite 
the calculations are relatively simple. Point A has a simple hollow circular 
section as shown by Figure 5.5 and point B a hollow square section as shown 
by Figure 5.6. 
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The cross-section at point C is complicated by the other blade 
components forming a composite structure as shown by Figure 5.7. If the 
polyeurathane former and ply components are ~nnY'o~) the section is composed 
of the spar and GRP components shown by Figures 5.8 and 5.9. In Figure 5.9, 
the GRP is approximated to an elliptical shape. In order to calculate the 
stresses in each component the two parts were assumed to share 'Y about 
the neutral axis n-n, as shown by Figure 5.10. The strain for each component 
can be estimated as:-
~l II :;;; d .tan('Y)/l = e 
s s s 
or 
e; :;;; (d Id ). e: 
9 g s s 
The modulus of elasticity for each part is: 
E 
9 
cr IE: 
tg g 
crt IE: s s 
Equating (5.7), (5.8) and (5.9) gives 
cr, 
tg 
(5.5) 
(5.6 ) 
(5.7) 
(5.8 ) 
(5.9) 
(5.10) 
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5 5: Point A Cross section. 
a 
~-----a-------I 
5.6: Point B Cross Section. 
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5.7: Point C Cross Section. 
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5.8: Point C Cross Section. 
p 
n 
5.9: Point C GRP Cross Section. 
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Figure 5.10: GRP/Steel Strains, nn Axis. 
Since d , d ,E and E are all known values, the GRP stress can be 9 s g s 
calculated as a fixed fraction of the steel stress. So far as the stresses 
induced by bending alone are concerned, 
(j 
ts 
(j 
tg 
M /Z 
s s 
M /Z g g 
(5 .11 ) 
(5.1 2 ) 
where M and M are the relative portions of the bending moment taken by 
s g 
the spar and GRP respectively and if M is the total moment, then:-
M M + M 
s g 
Equating (5.10), (5.11), (5.12) and (5.1 3) gives:-
M 
9 
M.K/(l + K) 
(5.1 3 ) 
(5.14 ) 
where 
K (d /d ). (E /E ). (Z /Z ) 
g s g s 9 s 
The total moment can be calculated from 
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(5.15) 
(5.2), and hence the 
steel and GRP tensile stresses can be estimated. Also, if the spar is 
assumed to carry all of the shear stress, then:-
a 
ss 
D/A 
s 
(5.16) 
At point D the situation is again simple since the GRP is carrying all 
of the load, and the section is as shown in Figure 5,9, The stesses are 
thus :-
M/Z g 
a = D/A 
s g 
(5.17) 
(5,18) 
For the four test points on the blade the results of the calculations 
for the locked rotor case are as shown in Table 5.1. 
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I po~nt A tensile stress 42 MPa (26 ) 
A shear stress MPa (* ) POlnt 
Point B tensile stress 55 MPa (20) 
Point B shear stress < 1 MPa (* ) 
Point C tensile stress, spar 33 MPa (12) 
Point C shear stress J spar MPa (*) 
Point C tensile stress, GRP 4 MPa (63 ) 
Point C shear stress, GRP 
Point D tensile stress < MPa (* ) 
Point D shear stress < MPa (* ) 
Figures in indicate safety factors 
'.J: indicates a factor> 100 
Table 5.1: Locked Rotor Blade Loads. 
5.2.3: Free Rotor Calculations. 
In the free rotor calculations the effects of the centrifugal forces 
must be added to the aerodynamic effects, and it is therefore required to 
calculate the mass and radius of gyration for the structure. For point A, 
the calculation includes the spindle, spar and blade and the radius of 
gyration is:-
r (5.19) 
where I ,I ,I are the moments of inertia for spindle, spar and blade 
sp s b 
respectively. The interation of centrifugal force and coning are shmm 
by Figure 5.11. The direct centrifugal force F 
t 
is of two 
components, F along the blade and F 
B A 
normal to the blade. The effect of 
F is to B directly add tensile stress at the test point. The effect of 
F is to subtract from the axial drag moment. 
A 
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(5.20) 
"" .sin(o) (5.21 ) 
.cos (6) (5.22) 
-
- () =CONING ANGLE 
Force Effects. 
Since the blade is inclined at a pitch angle 8 I it has components 
normal to the plane of the blade and also along the plane (chord) of the 
blade I and are:-
= .sin (8) (5.23) 
:::: .cos (8) (5.24) 
For a test radius of RT the moments can also be calculated as:-
(5.25) 
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Forces. 
~P ::: (r - ~). (5.26) 
The aerodynamic loadings on the blades are found using Equations (2.38) 
to (2.41). These equations have been implemented in a computer program 
BLADEB, the results of which can then be used in conjunction with the 
centrifugal effects. The results of BLADEB are shown in Appendix 1. The 
forces at the test point along the plane (chord) of the blade and normal to 
this are FpT and FNT . The associated moments are ~T and ~T • 
Combining the centrifugal effects with the aerodynamic effects:-
Fp = FpT + (5.27) 
(5.28) 
~T + ~p (5.29) 
(5.30 ) 
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AXIS p-p 
n.p 
Axis. 
For test points A, B, D the stress calculations are relatively simple 
since the cross-sections are non-composite and:-
(J 
s 
JF2 + F2 /A 
P N 
(5.31 ) 
(5.32) 
where ZN is the section modulus about the n-n neutral axis and Zp is 
the section modulus about the p-p neutral axis. For test point C the 
structure is composite. For the normal moments the calculation is similar to 
that used in the fixed rotor case for the composite structure. For the plane 
moments, a similar principle has been used as shown by 5.13 • The 
resulting equations are similar to those previously used. For conditions 
outlined in 5.2.1, the results of the calculations are given in Table 5.2. 
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Point A tensile stress 54 MPa (20 ) 
Point A shear stress < 1 MPa (*) 
Point B tensile stress 90 MPa (1 2 ) 
Point B shear stress < 1 MPa (* ) 
Point C tensile stress, spar 80 MPa (5) 
Point C shear stress, spar < 1 MPa (* ) 
Point C tensile stress, GRP 9.3 MPa (27) 
Point C shear stress, GRP 
Point D tensile stress 2.5 MPa (100 ) 
Point D shear stress < 1 MPa (* ) 
Figures in parentheses indicate safety factors 
* indicates a safety factor> 100 
Table 5.2: Free Rotor Blade Loads. 
5.2.4: Hub 
The hub assembly is shown in 5.14. Torque is transmitted from 
the hub to the main shaft through a 16 tooth spline, Hub stress calculations 
have been made assuming all load is taken on one clamp plate only, with 
loading corning from the generator input torque and also from the aerodynamic 
and centrifugal effects on the blades. The generator was assumed to be 
running at full load and the additional loading estimated by using the free 
rotor equations of 5.2.3 giving a clamp stress (tensile) of 4.2 MPa 
with a safety factor of 95. The clamp bolt stress is 15.7 MFa with a safety 
f actor of 70. 
5.3: Drive Train. 
The main shaft, shown in Figure 5.15 is of alloy steel, machined and 
stress relieved. The stern bearing is a spherical roller bearing of 60 mID 
bore and carries all axial load and all radial load on the hub end. The 
forward bearing is a spherical roller, taper sleeve bearing of 45 mID bore. 
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Both bearings run in oil baths. The hub drives the shaft through a 16 tooth 
spline. The brake hub also uses a 16 tooth spline The flexible coupling is 
of the multiple pin type keyed to the shafts and is rated at 20 kw at 100 
rpm. The gearbox is of 15 kw rating, 1 :10 step up with helically cut gears 
running in an oil bath. 
The main shaft are outlined in 5.16. The loadings 
assume a precession couple to be present:-
M H.~ (5.33) 
where H is the momentum of the mill and 
~ is the velocity of yaw. 
H I.n (5.34) 
where I is the moment of inertia of the hub and blades 
generator, coupling are ignored). 
gearbox, 
The axial force was estimated from program BLADEB, and the torsional 
load calculated for full generator loading. A misbalance of 1 Kg midway 
along a blade was assumed. The precession couple was estimated for 200 rpm 
on the main shaft with 6 rpm on the yaw axis. The main shaft combined 
stresses are summarized in Table 5.3. 
Splines on the main shaft were designed according to standard practice 
(Oberg 1966) and bearing selection was made according to manufacturers 
standard instruction. The results are also shown in Table 5.3. 
Page 96 
5.4: 
~ __ ~~ _____ a~-----4 
COUPLING 
WEIGHT 
FORWARD 
BEARING 
COUPLE FROM 
PRECESSION & 
OUT OF BALANCE 
FORCE 
BLA & 
HUBWEIGHT 
5.16: Main Shaft Loads. 
Member stern 
End 
Main shaft tensile stress (max) 58 MPa (19 ) 
Main shaft shear stress (max ) 40 MPa (21 ) 
Main shaft spline stress 0.2 MPa (* ) 
load dynamic 2.2 kN (90 ) 
Bearing load static 3.9 kN (40 ) 
in parentheses are safety factors. 
* indicates safety factor> 100 
Table 5.3: Main Shaft Loads. 
Colwnn. 
OUT OF 
BALANCE 
FORCE 
Foward 
End 
138 MPa (8 ) 
95 MPa (9 ) 
The support column is a seamless pipe of 254 rnrn inside diameter and 19 
rnrn wall thickness, seamless pipe being employed due to its ease of use, ie., 
bearings are easily mounted inside the pipe. It supports two 95 rnrn bore 
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spherical roller bearings through which the yaw shaft passes. Spherical 
roller bearings have been selected because of their ability to carry both 
radial and axial loads as well as being self aligning. The shaft is a 112 rnm 
outside diameter and 63 rnm inside diameter hollow bar which is bolted into 
the nacelle to facilitate separation of the nacelle and support structure. 
The are grease and sealed. The lower bearing takes none of 
the axial loading. The column is welded into a 12 rnm thick bed of 1500 
mm sides and strengthened by four triangular of 500 rnm sides. The 
bedplate can simply be bolted to the steel lattice tower. Refer to 
5.3. 
AXIAL fORCE 
AXIAL FORCE (DRAG) (DRAG) 
POD 
WEIGHT 
ON PO D ~ __ -8-- ...........-j,..........-+_O_N......-B_L_A_D_ES 
MAIN 
UPPER 
RING 
LOWERtl 8fARING~ 
SHAFT LOAD PRECESSION 
TORSIONAL LOAD 
YAW TORSIONAL 
LOAD 
LOAD 
5.17: Yaw Shaft Loads. 
OUT Of BALANCE 
FORCE 
The critical point in the upper region of the support structure occurs 
where the shaft extends past the upper bearing, and the shaft carries all of 
the load. The compressive and shear stresses are calculated by considering 
the shaft as a simple circular hollow section. 
At the bed plate level the effects of the column must also be 
considered. This is done by considering the shaft and column as sharing 
bending, but the column only as taking all compressive loading since the 
lower bearing does not carry axial load. Table 5.4 
results. 
a summary of the 
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Although the shaft is rotating only very slowly both dynamic and static 
calculations were made for the bearings, the results of which are given in 
Table 5.4 for the upper only. 
The spline which transmits the load between the shaft and the 
hydraulic motor is a 16 tooth spline of 90 mm diameter. The load was 
assumed to be that required to drive the mill through a 30 m/s wind with the 
blades flat on to the wind. 
The herringbone gear and pinion are of malleable cast iron with a pinion 
PCD of 58 mm and 18 teeth. The gear has a PCD of 420 mm and 134 teeth giving 
a ratio of 7.44:1. The ultimate tensile strength of the iron is 330 MPa with 
an ultimate shear strength of 200 MPa. Applying the same load conditions as 
for tne spline gives the shown in Table 5.4. 
Yaw shaft stress compressive, upper 35 MPa (11 ) 
Yaw shaft stress shear, upper 19 MPa (11 ) 
Yaw shaft stress compressive, lower 9 MPa (44 ) 
Yaw shaft stress shear, lower 6 MPa (33 ) 
Column stress compressive 7.5 MPa (53 ) 
Column stress shear 3.7 MPa (54 ) 
Upper bearing load, dynamic 20.96 kN (19 ) 
Upper bearing load, static 13.26 kN (33 ) 
Yaw shaft spline load 1150 Nm (58 ) 
Yaw drive gear load 1150 Nm ( 11) 
Yaw drive pinion load 155 Nm (11) 
in parentheses are safety factors. 
Table 5.4: Yaw Shaft Loads. 
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5.5: 
5.5.1: Yaw Drive 
a 
The yaw drive has three functions:-
(i) Under normal running conditions the hydraulic motor acts as a pump 
and forces the hydraulic oil through restrictors. This has the function of 
damping the yaw of self steering of the mill. In this state all hydraulic 
valves are in the rest position. 
(ii) Under shutdown conditions the mechanism is used to steer the mill 
sideways into the wind before brake application. The direction of rotation 
is dependent on the relative positions of the wind direction and mill 
orientation (as detected by the wind vane) such that the least degrees of 
rotation are 
now Valves 
for alignment. The pump drives fluid through the 
and 2. The yaw direction will depend on which one 
of the two solenoids of Valve 2 are energised. 
(iii) To lock the yaw, either solenoid of Valve 2 can be operated, but not 
both. Valve 1 must be in the rest position. The yaw is normally locked 
after the turbine has come to rest after braking. 
The hydraulic motor is of a 5.7 kw continuous rating and is connected to 
separate pump unit via two flexible hoses and a stop cock. The pump is 
driven by a three phase mains operated motor of 1 . 1 kw rating. Two 
spool valves are used to control flow as shown in Figure 5.18. Valve 1 is a 
4/2 valve and Valve 2 is a 4/3 valve, both 12 volt solenoid operated and 
controlled from the Tower Control Unit. Figure 5.19 gives the truth table 
for the system. 
100 
53 
52 
0 
7 
5.18: Yaw Drive 
0 1 
RUN NIU 
LOCK NIA 
01 RECT/ON CONTROL VA L VE (413) 
Val ve 2 
MODE CONTROL VA L VE (412) 
Valve 1 
circuit. 
52 
ROTATE 
[CW 
NIA 
OPE RA TlON OPERA rlON 
51 0 51=1 
N IU :: NO r USED 
NIA ;: NOT ALLOWED 
5.19: Yaw Drive Truth Table. 
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5.5.2: Brake 
The brake is sho\oJn in Figure 5.20. Each of the two separate 
systems are supplied from isolated sources within the pod. Spring action is 
added into the in the compression cylinders so that the force 
applied to the hydraulic cylinder is dependent on servo displacement. 
Operation of the servos causes the springs to compress or release and by a 
lever system increase or release the hydraulic pressure. The brake control 
system has been 
Chapter 6. 
in a closed loop form and is further discussed in 
CYLINDER 1 
CYLINDER 2 
5.20: Brakes 
5.6: Summary. 
UPPER 
CAL /PER 
LOWER 
CALIPER 
Construction of the mechanical components of the wind turbine 
has been described with importance placed on the and 
centrifugal loadings of the blades. Loadings on other components have also 
been discussed, along with a description of the hydraulic 
Calculated factors of 
satisfactorily in wind 
indicate that the turbine should operate 
up to 30 m/sec. 
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CHAPTER 6. 
CONTROL SYSTEM. 
6.1: Introduction. 
6.1.1: Control Defined . 
Flexibility is of prime importance in the design of the control system 
in order that variations in control and operation of the wind turbine 
generator are possible for future experiments. The philosophy of control 
system flexibility necessitates the design and construction of a general 
purpose main controller. Flexibility would be enhanced by the use of software 
for control and can provide a simple means of modifying control algorithms. 
Functions required of the control system are:-
.Control of generator load so that wind turbine load can be controlled. 
This is the main control loop and is described in Chapter 7. The loop 
consists of reading wind speed to determine wind power available and 
then modifying rectifier delay angle to set the actual load power to a 
suitable value. Actual load power is to be determined form reading DC 
output voltage of the rectifier applied to a fixed load resistance . 
. Sensing of control parameters including analogue and digital points. 
These parameters are used for indication as well as for control 
functions. Major parameters input include wind speed and rectifier 
output voltage for the main control loop and shaft speed, AC voltage 
and digital status signals for safety checking routines • 
. Output of control parameters. These consist of both analogue signals 
and digital status signals. Rectifier delay angle is the main output 
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analogue signal. Status signals required for system startup and 
shutdown are also required to be output. 
. Control of startup and shutdown sequencing for the wind turbine. 
Shutdown sequencing is to be independent of the main controller to 
cover the events of main controller software or hardware failure. 
.Detection of failure of the main controller software or hardware. A 
circuit independent of the processor is required to detect processor 
failure and initiate shutdown procedure if it occurs • 
• Detection of extreme operating conditions which would necessitate 
system shutdown. This includes the situations of excess wind speed and 
shaft speed and excess generator load • 
. Sensing of failure of control circuits such as battery charger 
failure, .DC supply undervoltage and failure and phase failure of the 
generator output . 
• Security of controls where safety constraints are of importance. For 
instance, in the case of brake application where partial failure of 
the brake system should not prevent shutdown . 
. To allow for the connection of data logging equipment for long term 
recording and also for the connection of telemetering equipment. 
Telemetery may be required in the case of installation of the wind 
turbine at a remote site . 
. The system is to allow for fully automatic, semi-automatic and fully 
manual methods of control. For the fully automatic method, the 
processor is to have total control over all system functions. In cases 
where the operator requires control over some functions the processor 
is to censor operator requests to ensure that the system remains 
secure. A manual method of control is also required which will bypass 
the processor in all control functions. 
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6.1.2: Control 
The control system for the wind turbine generator is outlined in terms 
of physical locations in Section 6.1.2 followed by a functional description 
in Section 6.2. The design and operation of each unit in the system is then 
described in ensuing sections. 
The wind turbine generator bases its control in three major areas as 
shown by Figures 6.1 and 6.2. 
(A) The ground controls consist of five main components:-
(i) The main controller or processor which reads various analogue and 
digital points in the system, decides on what control action is 
necessary and then outputs the appropriate analogue or digital 
control parameters. 
(ii) The control panel. This gives the operator an opportunity to 
observe system status and if deemed necessary to intervene in the 
plant operation. 
(iii) The controllable rectifier which takes the 3 phase variable 
frequency, variable voltage from the generator and converts it to 
direct voltage. The rectifier is controlled from the processor or 
panel. 
(iv) The interface rack. All signals to and from the processor and to 
and from the tower-ground cable pass through this rack. It provides 
the appropriate signal levels and conditioning. 
(v) Power supplies for all ground controls. These include isolated 
supplies for the AC and DC voltage transducers. 
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Plate 6.1: Ground Controls. 
Plate 6.2: Tower Controls. 
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Connection from the ground controls to the tower controls is via a 
twelve core cable. Generator power reaches the recifier by a seperate 
three earth screened cable. 
(B) The tower controls two functions:-
(i) To provide interconnection and buffering between the pod controls 
and ground controls. 
(ii) To provide control of the yaw drive hydraulics and subsequent 
In addition, support equipment 
battery storage for electronics and 
net\vorks. 
is 
the 
necessary in the 
appropriate battery 
form of 
charging 
Generator power and signals run from slip rings at the support column 
base to the pod through the yaw shaft. 
(C) Pod controls are divided into several units:-
(i) The AC Control Unit 
generator excitation, as 
failure. 
which 
well 
controls the main breaker 
as checking for generator 
and 
phase 
(ii) The Control and Alarm Unit which collects information from alarm 
points and passes the alarm to the tower controls. It also drives 
the wind speed, shaft speed and wind vane tranducers. 
(iii) The DC Control Units. Each of these two units provides 
charging for the pod battery banks as well as controlling the battery 
preservation circuits. Battery charger supply comes from the load 
side of the breaker. 
(iv) Battery Banks. Each of the t~vo banks provides 12V for pod 
electronics. Protection and switching relays are also incorporated. 
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(v) Brake Control Units. Each of these 
deceleration rate of the main shaft of 
conditions and brake release control logic. 
two units 
the mill 
controls the 
under braking 
(vi) Brake Units. 
actuation of the 
units. 
Each of these two units provides the hydraulic 
brakes and are controlled from the brake control 
Plate 6.3: Pod Controls. 
6.2 : Control System - Functional Operation. 
Functional operation of the control system is in four areas as follows. 
6.2.1 Mill Control 
The mill controls encompass all aspects of the mechanical operation of 
the mill, as shown by Figure 6.3. 
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At ground level the mill is controlled either from the panel (manual or 
panel) or from the processor (auto). The machine is allowed to operate in 
one of the four modes shown, and indication of the mode is given on the 
panel. 
(1) RUN 
Normal mode is RUN and is characterized by normal windmill operation where 
the yaw drive is free to rotate as determined by the current wind 
direction. 
(2) SHUTDOWN 
The SHUTDOWN mode is initiated when it is requred to terminate operation 
of the mill. The wind turbine may be required to be shutdown, ie., stopped 
for a variety of reasons. The possible causes of a shutdown command being 
issued are:-
(i) Processor Failure. 
If the processor has been detected as failed the turbine is 
automatically shutdown by sub-control circuits. 
(ii) At Operator Request. 
The operator may wish to shut the turbine down to carry out 
maintenance. 
(iii) At Processor Request. 
The processor continually checks a number of parameters such as wind 
speed, shaft speed, etc. If these exceed predetermined values the 
processor will order a shutdown. 
In each case the procedure for shutdown is similar. The command to 
shutdowm is received by the tower controls which then detect whether or 
not the turbine is aligned sideways with the wind in order to minimise 
input power to the shaft. This is done by the use of a wind vane mounted 
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on the pod. If the alignment is incorrect, the yaw hydraulics will start 
and rotate the pod to achieve correct alignment. When alignment is 
achieved, the brakes are applied and, on cessation of main shaft rotation, 
the yaw drive is locked. 
(3) SLEW LOCK 
SLEW LOCK is not normally requested from the ground unless in the manual 
state. This mode locks the yaw drive of the mill. The SLEW LOCK mode is 
used on the termination of shutdown procedure. 
(4) BRAKE ONLY 
BRAKE ONLY mode is not normally requested from ground, unlesss in 
emergency circumstances and only in the manual state. Processor software 
prevents a BRAKE ONLY command being issued in the auto or panel state. 
These four modes generate the signals on three lines PO, P1, P2, as 
shown in Figure 6.3 and Table 6.1. If the line P2 at any stage falls low 
(P2 is generated from periodic pulses from the processor and if they fail, 
the life generator switches P2 low), it is automatically assumed that the 
processor has failed and shutdown procedure will be carried out. 
Additionally, the appropriate alarm will be actuated, both visually and 
audibly. 
Mode PO P1 P2 
Run 0 0 1 
Shutdown 0 1 1 
Slew Lock 1 0 1 
Brake Only 1 1 1 
Processor Fail X X 0 
X Don't Care. 
Table 6.1: Mill Control Modes. 
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The three signal lines are received by the Command Interpreter 
Module (CIM) of the tower controls where it is decoded and the appropriate 
procedure initiated. A "low'" on the P2 line is assumed to indicate a 
request for shutdown For the shutdown procedure to operate correctly, it 
is also necessary to input additional signals to the Command Interpreter 
Module. For wind turbine shutdown alignment to be achieved t\vO signals 
have been generated by the wind vane. D1/ indicates the relative position 
of the wind direction to the mill main shaft. When D1/ is "high", the 
mill is aligned with the main shaft normal to the wind direction within 
± 6 degrees. D2/ simply indicates to the ClM which direction the 
yaw drive should rotate in order to achieve the shortest angular path. 
Once lineup is achieved, the CIM issues a brake command to the pod by 
forcing the two brake signal lines, R5/1, R5/2 "high". A 
slew lock command is issued, when the main shaft ceases rotation. 
The yaw drive is controlled by four lines. R1, R2, R3 control the 
solenoids on the hydraulic valves - refer to Figure 5.19. R4 controls the 
pump motor contractor. Local operation of the yaw drive hydraulics is 
also possible. 
Shaft speed and wind speed sensors are mounted at pod level and 
transmit signals to the ground controls for both panel indication and 
input to the main controller. 
6.2.2: Control. 
Electrical control is outlined by 6.4 and has the two areas of 
operation shown below. These control the electrical components of the WTG 
such as generator excitation and electrical indication. 
Measurement of AC and DC power quantities is made by the rms 
detector circuits in the rectifier and is indicated on the panel as \vel1 
as sent to the main controller. The signal generated from the DC voltage 
transducer is used by the processor to determine generator shaft loading, 
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since a fixed resistive load is used (10 Q). The rectifier can be 
controlled either from the front panel or from the processor, depending on 
the system status. 
The generator main breaker can be controlled from the panel or from 
the processor, again depending on the system status. The breaker is 
controlled by one line from the ground controls, MBS, and its status is 
indicated on the panel via the MBS/S line which originates from the 
auxiliary contacts on the breaker. 
6.2.3: status Control. 
System status describes the method (status) by which the windmill is 
controlled, and is generated as shown by the schematic of Figure 6.5. It 
refers to the method of system control and three states are possible:-
(i) Automatic State(AUTO). This is the normal status of control. All 
aspects of control are via the main controller under microprocessor 
supervision. Automatic state is obtained by operation of the 'panel 
clear' switch when in panel state. This sends the signal CLR/P to the 
processor to indicate that the operator wishes to return to processor 
control. A return line CLR/C from the processor provides indication of 
actual state. 
(ii) Panel State(PAN). This is a semi-automatic control which allows the 
operator to intervene in system status. It is accessed from the automatic 
state by operation of any of the panel push buttons except the alarm and 
system status buttons. The advantage of this state over fully manual 
control is that the processor can censor operator requests to prevent 
inappropriate actions being taken. For example, if the operator requests 
a brake only command, the processor assumes that a shutdown command was 
required. Panel state is the normal startup state. Note that when in 
panel state the processor still controlls turbine load unless the 'delay 
angle request' switch is specifically operated. 
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(iii) Manual State(MAN). This is a totally manual state and bypasses the 
main controller. This is obtained by operation of the 'manual/auto c/o' 
switch. A series key switch is incorporated to reduce the risk of 
unwanted operation. Changeover from auto to manual operates a series of 
analogue and digital switches with the MAN/C and AUT/C lines which bypass 
the processor when in manual state. 
A key switch has been incorporated in the manual/auto changeover control 
to reduce the risk of unwanted operation. 
6.2.4: Alarm Indication. 
Alarm Alarm Alarm 
Level Number 
1 Aux. DC Supply 1 Fail 
2 Aux. DC Supply 2 Fail 
3 Under Voltage Main DC Supply 1 
Pod 4 Under Voltage Main DC Supply 2 
5 Generator Phase Failure 
6 Spare 
7 Spare 
8 Spare 
1 Alarm Input from Pod 
Tower 2 Battery Charger Supply Fail 
3 Spare 
4 Spare 
1 (A) Alarm Input from Tower 
2 (B) Spare 
3 (C) Spare 
4 (D) Spare 
Ground 5 (E) Spare 
6 (F) Spare 
7 (G) Alarm Input from Processor 
8 (H) Processor Fail 
Table 6.2: Alarms. 
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The alarm system of Figure 6.6 allows up to 
tower alarms and eight pod alarms to be input. 
eight ground alarms, four 
Current software calls for 
system shutdown under any active alarms. CUrrent alarms in use are given in 
Table 6.2. 
All alarms can be reset from the ground controls either by the alarm 
reset" button or "system reset" button. The latter also resets the 
processor. A separate reset for the audible alarm has been provided. Tower 
and pod alarms can be reset from the Tower Alarm Module and the pod alarms 
can be reset from the Control and Alarm Unit in the pod. 
6.3: Ground Controls 
6.3.1: Main 
The main controller is microprocessor based and allows up to 16 analogue 
signals and up to 16 digital lines to be input with up to 8 analogue signals 
and 16 digital lines to be output, as shown by Figure 6.7. All analogue I/O 
is in the 0 - 10 V range with all digital I/O at T.T.L. level. 
The four controller boards and processor board are interconnected by 
plugging on to a bus system consisting of a 10 bit interrupt bus, an 8 bit 
data bus, 8 bit address bus and 6 bit control bus. Up to a total of ten 
boards can be plugged on to the bus. 
The processor board (See Figure 6.8) is based on an INTEL 8085 processor 
and has a total memory space of 4k EPROM and 2.25k static RAM. Inputs from 
the interrupt bus are latched onto a port and input to the RST 6.5 input of 
the processor. If an interrupt occurs on the first eight lines it is 
detected by the processor and the port read to find which interrupt has been 
activated. The last two interrupt lines are not normally used but can be 
patched directly to the RST 5.5 and 6.5 lines into the processor. The data 
bus address bus and control bus are input to the 8155 ports. Data direction 
on the address bus and data bus are software controlled from Port PA1 and 
data direction on the control bus is hardware plugged. 
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RAM 3 8155 
RAM 2 8185 RAM 
2.25k x 8 
AAM 8185 
EPROM 2 8755 
EPROM 
4k x 8 
EPROM 8755 
Allocations. 
Two spare ports have been allowed for future connection to a data logger 
and telemetery. System timing is generated from a 10 m/s heartbeat into the 
RST 7.5 input of the processor. This is obtained from the system clock 
(6.144 MHz/2), a clock divider and the timer section of the 8155. 
Additional features allowed for on the processor board are a tape 
recorder read/write facility in Kansas city format with the tape drive 
controlled by the processor. Sufficient address space is available for RAM 
expansion up to 4k. 
The analogue input controller of Figure 6.10 consists of 16 sample/hold 
circuits with a s analogue to digital converter (8 bit) and analogue 
multiplexer. The analogue output controller is shown in Figure 6.11 and uses 
8 separate 8 bit digital to analogue converters. 
The digital input controller and digital output controller of Figures 
6.12, 6.13 respectively use two groups of time multiplexed 8 bit data to 
obtain the 16 lines in each case. 
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6.3.2: Main Controller Software 
Main controller software consists of a real-time) 
and specialised tasks which perform 
functions. Refer to Figure 6.14 which shows the operating 
The tasks for the main load control routine are discussed in 
system control 
modules. 
7. 
The operating system is designed to run many different tasks. It is a 
basic limitation of this version of the operating system that tasks are 
allowed to run to completion instead of being prempted if a high priority 
task is waiting to run. This means that the execution times of individual 
tasks are short. The maximum task length is about 10 mins 
(2**16-1 )*10ms) after which system time keeping will fail. In practice to 
keep task response times acceptable much shorter task lengths should be used 
(say 10 to 100 ms). Current tasks in use are much shorter than the above and 
are not constrained by this limitation. Tasks such as console drivers which 
spend much of their time in delay loops should use the operating system delay 
function. A call to delay is equivalent to task termination for the purposes 
of these calculations. 
Tasks can be run as a result of a demand from an interrupt service 
routine or to one of the time based functions defined below. A 
task running as the result of an interrupt is equivalent to the system being 
interrupt driven and a task running according to time is equivalent to the 
system polling external events. 
Interrupt service routines are not considered to be tasks. In general 
the interrupt service routine will capture data from an external device and 
place this data in a queue for later processing by a task that is demanded by 
the interrupt service routine, but not run until some time later. 
The types of tasks at defined in the system are: 
1) A task which is run every 'N' periods of 10ms. 
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2) A task which is run once only, after 'N' of 1 Oms. 
3) A task which is run only when demanded by another task or an interrupt 
service routine. 
4) A tas]<: which is .run every 1 Oms. (This is a case of Type 1 J but 
it is faster to process and requires less task table storage than a Type 1 
task. ) 
Two task types are also defined. The first is Type a which is 
the operating system task that implements the timing functions implied in 
some of the task definitions above. The second special task type is Type 15, 
which is a dummy task used in the task table to indicate the end of the task 
table. 
The next section gives a description of each module in the operating 
system. 
1) MILINT. 
This module processes system interrupts. Timer interrupts increment 
the timer counter. Every timer interrupt 10ms) the schedular 
update task is run. 
2) MILUP. 
This is the highest priority task in the system. It is run every 
10ms and the status of all other tasks where the task status 
is time dependant. 
3) MILTSK. 
This module contains 3 tables used to control and define task status 
within the system. Two of these tables are generated simultaneously 
by a macro deck. The three tables are: 
1) TABIDX - The task table index table. 
2) TABTSK The prom image of the run time task status table. 
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3) TSKTAB - The ram resident run-time task status table. 
TABIDX contains 2 bytes for each task in the These bytes 
define an index down either TABTSK or TSKTAB to the defined task. To 
find a task in either table these rules are followed. 
1) Get System Task No. (= Place in task table, first task 
Task 0.) 
2) Multiply Task No. by 2. 
3) Use result of 2 as an index down TARIDX. 
4) Get index from TABIDX. 
5) Use this as index down either TABTSK or TSKTAB give a pointer 
to the task control bits. 
TABTSK is a prom resident image of the start up task table. TABTSK 
and TABIDX are generated simultaneously by macros. TSKTAB is the run 
time (Ram resident) task table - it is set up by MILGO. 
The following section gives detailed descriptions of the task table 
entry for each type of task. 
Task Type O. Special task type for table task. 
Task Type 1. This type of task is run every N periods. 
Task Type 2. This type of task is run once after N periods. 
Task Type 3. This type of task is run on demand from a task or 
an service routine. 
Task 4. This type of task is run every period. 
Task Types 5 to 14 are not yet defined and cannot be specified. 
4) MILUTL. 
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Task Type 15. This is a dummy task used to mark the end of the 
task tables. 
This module contains utility functions that allow the caller tasks to 
perform the following functions. 
i) Delay for N periods. 
ii) Enable and disable a task. 
iii) Set or reset the run flag of each task. 
5) MILSHD. 
This module does all the task starting. It scans down the task table 
looking for an enabled (and not delayed) task with its run bit set, 
or an enabled task with its restart (after a delay) bit set. When 
such a task is found the running flag is set and the task is started 
by an effective call. For a task being restarted after a delay the 
restart address is used. For a task being started because the run 
flag is set the task start address is used. If both the run and 
the restart flag are set the restart flag takes precedence. This 
means that a request to run a delayed task is held pending until 
after the delayed task has been restarted and allowed to run to 
completion. When the task finishes the running flag is reset and the 
schedular starts looking for work at the top of the task table. This 
means that tasks at the top of the table have a higher priority than 
those at the bottom of the table, and those at the bottom could 
conceivably never be run if higher priority tasks were run too often. 
The alternative of rotating priority can be implemented by changing a 
JMP instruction in the TSKRET routine. 
6) MILT1. 
This module provides a subroutine that is called 
routine update task table entries for task 
from MILUP. 
every 10ms. 
The 
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7) MILGO. 
This module contains the system start up code. 
following functions: 
i) Sets up the Task Table. 
ii) Resets any pending interrupts. 
iii) Initialises interrupt data queues. 
iv) Initialises the timer to generate 
ms. 
v) Clears miscellaneous flags. 
It performs the 
every 10/255 
The only tasks currently in use are MILPAN and MILRUN (see Chapter 7). 
[OLD 
START 
R 0 UTI N E ,---,.,..--..,.j 
6.14: Main Controller 
INTERRUPT 
fr: INTERRUPT~ 
SERVICE. ~
ROUTINE 
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6.3.3: Rectifier. 
Rectifier design and operation is described in Chapter 4. 
6.3.4: Panel. 
The panel is shown by Plate 6.1. It provides the operator with 
indication of system operation and also with basic control functions. All 
control signals from the panel pass to the interface rack for conditioning 
before transmission to the required destination. 
6.3.5: Interface Rack. 
The interface rack has the main role of setting up signals to be used by 
other ground control units. Its major functions are:-
(i) To buffer incoming and outgoing signals. 
(ii) To provide the necessary signal level conversions. These are between 
the main controller which is at TTL level and other components at 12V CMOS 
level. 
(iii) To provide a single point for all incoming and outgoing signal 
lines. 
(iv) To provide indication driving including LED displays and analog meter 
displays. 
(v) To provide any signal conditioning which may be required such as 
filtering etc. 
(vi) To carry out some hardwire logic control functions. 
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6.4: Tower Controls 
Layout of the tower controls is shown in Figure 6.15 and Plate 6.2. 
6.4 1: AC Control Module. 
This module serves two purposes:-
(i) To provide low voltage AC power to the DC Control Module for battery 
charging. An AC supply failure relay is incorporated to operate Alarm 2 
of the Tower Alarm Unit. 
(ii) To provide tower control and indication of the generator main 
breaker. 
6.4.2: DC Control Module. 
Battery charging is provided by this module. 
fully automatic with heavy and float charge rates. 
The battery charger is 
The DC supplies for electronics to all other tower modules is also 
controlled from this module. 
6.4.3: Transfer Modules. 
These simply provide a convenient termination point for cables to the 
pod and also to the ground. Suppression of slip ring noise is also made on 
signals from the pod. 
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6.4.4: Tower Alarm Module. 
This unit processes the alarm line from the pod and up to three others 
at tower level and transmits the result to ground. All alarms from tower 
level up can be reset at the Tower Alarm Module. 
6.4.5: Command Module. 
This is the most important module of the tower controls, as it is 
responsible for shutdown sequencing of the system. The three control lines 
into the module were shown by Table 6.1. The role of each input and output 
signal is given in Table 6.3. 
The Boolean equations governing these parameters are as follows. (Refer 
also to 5.19):-
R5 ::::: ( (Mo .M1 .151 ) + (MO .M1 ) ) . (M1 +MO) (6 .1 ) 
R4 . M1 .2.D1 (6.2) 
R3 R4.D2 (6.3 ) 
R2 :: (R4.62 ) + (MO .M1 ) + Z (6.4 ) 
R1 R4 (6.5) 
where 
MO ;;;:; P2.PO (6.6 ) 
M1 :::: (P2 .P1 ) + P2 (6.7) 
Z RS.S (6.8 ) 
PO 
P1 
P2 
control Line 0 from Ground 
control Line from Ground 
Control Line 2 from Ground 
P2 ;0 Indicates Processor Failure 
S Main Shaft Rotation Sensor Line 
S = 1 Indicates Zero Shaft Rotation 
D1 Pod/Wind Alignment Sensor Line 
D1 = 1 Indicates Alignment 
D2 Pod Yaw Direction Sensor Line 
to CIM. 
R1 Hydraulic Valve Control Line 
R2 Hydraulic Valve 2 control Line 
R3 Hydraulic Valve 2 Control Line 2 
R4 Hydraulic Pump Motor Control Line 
RS Brake Control Line 
R5 = 1 Orders Braking 
From CIM. 
Table 6.3: Lines for CIM. 
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The brake command 'RS' is issued only under the following conditions:-
(1) In the automatic or panel states after the pod has been successfully 
lined up with the shaft normal to the wind direction. 
(2) In the manual state if a brake command is issued. 
The brakes are to be released only if a RUN command is issued. The 
hydraulic pump signal 'R4' and control signals 'R2' and 'R3' for the valves 
are issued if pod/wind alignment is required. The valves are also operated 
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to lock the yaw after the main shaft has ceased to rotate following braking 
(Z). 'MO' and 'M1' are generated to test if line 'P2' is "low", ie., to test 
for processor security. state analyser results of tests on the Command 
Interpreter Module are shown in Plate 6.4. 
For Plate 6.4(a) a normal shutdown procedure is followed:-
(i) Normal operation with PO 
energised . 
P1 o and P2 = 1. No Hydraulics are 
(ii) Shutdown is ordered (PO = 0, P1 = 1). The pump is started ( R4 = 1), 
Valve is energised (R1 = 1) and one side of Valve 2 is energised (R3 = 
1, R2 = 0). 
(iii) The effect of D2 changing is shown, ie., the direction of yaw is 
reversed (R3 = 0, R2 = 1) and Valve 2 has the opposite side energised. 
(iv) The condition of (ii) is again seen. 
(v) Wind alignment is achieved, ie., D1 1. Yaw drive stops (R1 R2 
R3 = R4 = 0) and a brake command is issued (R5 = 1). 
(vi) When the main shaft has ceased to rotate (8 
energising R2 only. Refer to Figure 5.19. 
1) the yaw is locked by 
(vii) Normal run condition of (i) is set again. 
For Plate 6.4(b) a slew lock command is issued:-
(i) Normal operation with PO P1 o and P2 1 • 
(ii) PO = 1 indicates a slew lock command has been issued. 
energised on one side only (R2 = 1). 
(iii) Normal operation again. 
Valve 2 is 
I 
I 
a Shutdown Command. 
) Slew Lock Command. 
Plate 6 4: Command 
I I I 
1110 
I 
I 
I 
I 
Tests. 
Page 139 
i 
ii 
iii 
iv 
v 
vi 
vii 
i 
ii 
iii 
Page 140 
I 
I 
I 
I 
I 
I I I 
I 
I 
Tests. 
i 
ii 
iii 
i 
ii 
iii 
iv 
v 
vi 
vii 
Page '141 
For Plate 6.4(c) a brake only command is issued: 
(i) Normal operation. 
(H) PO P1 = 1 indicates that a brake only command has been issued. R5 
= 1 is issued to the brake control unit. 
(iii) Normal operation. 
For Plate 6.4(d) a processor failure is simulated: 
(i) Normal operation. 
(ii) to (vi) P2 = 0 simulating a processor failure. This causes a 
standard shutdown procedure to be followed as outlined for Plate 6.4(a). 
(vii) Normal operation. 
6.5: Pod Controls 
The layout of the pod controls is given in Figure 6.16 and was also 
shown in Plate 6.3. 
6.5.1: AC Control 
This unit has the following functions:-
(i) Local control of the generator main breaker. 
(ii) Detection of phase failure from the generator, the anticipated cause 
being circuit interruption by a blown main fuse on the generator 
terminals. Operation of the phase failure relays is locked out in the 
case when the generator is not excited. The resulting phase failure 
signals are sent to the Alarm and Control Unit for transmission to ground. 
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6.5.2: Alarm and Control Unit. 
All of the opto-interruptor detectors (anemometer, vane, shaft sensors) 
are driven by this unit and the outputs buffered before being sent to the 
appropriate destination. 
Additionally, up to eight alarms can be input and were outlined in Table 
6.2. Alarms and 2 indicate the security of the two auxilliary supplies 
(see section 6.5.3). Alarms 3 and 4 indicate the status of the main 
supplies. If the levels of the main supplies fall below 10 volts an alarm is 
activated. Alarm 5 is the generator phase failure alarm. The power supplies 
for all circuits in the Control and Alarm Unit alarm section are designed 
such that it would be necessary for all DC supplies to fail for non-operation 
of the unit. If this situation occurs, an alarm is still indicated since the 
line to the Tower Alarm Module is active low. 
6.5.3: DC Control Units. 
These provide two basic functions:-
(i) Battery charging for the Battery Banks. 
automatic with high and float charge rates. 
The chargers are fully 
(ii) To provide switching of the main DC supplies. The purpose of such 
switching is to preserve battery life when the chargers are not operating 
such as when the generator is not excited. In such cases, only the 
auxilliary supplies are activated and have a low current drain of about 
300 rnA. Main supplies are required for shutdown and only until shutdown 
is complete. This is indicated by the Boolean expression of Equation 6.9. 
x (R5.S) v + .SL) (6.9 ) 
where 
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6.S.4: 
x = control line to main supply relays 
::::: 1 for closed 
RS : brake control line 
= 1 for application of the brakes 
v = excitation status 
= 1 if the generator is excited 
S = shaft rotation status 
1 for no shaft rotation 
SL S latched but cleared by D 
brake release sensor 
1 when brakes are fully released 
Banks. 
These consist of two indentical sets of 12V supplies. Each supply is 
from a sealed lead acid battery of 6 A hr rating. 
6.S.S: Brake Control Units - Brake Units. 
These control the deceleration rate of the mill when under braking. 
Final drive of the brakes is provided by the Brake Units. The signals input 
to the Brake Control Units are the brake command line RS, the brake limit 
sensors L1 (indicates release of brakes) and L2 (indicates max. brake 
pressure). Output signals are Rx and Ry which control the relays on the 24V 
servo drives of the Brake Units. 
Rx RS .E1 ,L2 (6.10) 
SHAFT 
SPEED 
(1 
DIFFERENCE 
AMP 
6 17: Brake Controller Deceleration Transducer. 
Ry (R5 .L1) + (R5 .E2 .L1) + Rx 
where 
Rx 0 indicates brake release 
Rx 1 indicates brake application 
Ry 1 turns the supplies on to the brake servos 
R5 1 indicates braking is required 
R5 = 0 indicates brake release is required 
L1 = 0 indicates brakes are released 
L2 = 0 indicates brakes are fully applied 
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. 
(1 
OUTPUT 
(6.11 ) 
E1, E2 are the deceleration rate error signals and indicate whether or 
not the angular deceleration rate is within the dead band of operation. For 
low deceleration rates, E1 1 and for high deceleration rates E2 1 • If 
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Plate 6.5: Deceleration Transducer Response. 
the deceleration rate is within the required band, E1 
case, the brake servos will be at rest. 
E2 o. In this 
Deceleration rate is detected from the shaft speed sensors using a 
series of cascaded sample and hold circuits as shown in Figure 6.17. Timing 
for the sillnple and hold circuits is generated so that samples are 
sequentially taken by units 1, 2 and 3. This, in effect, gives a very stable 
differentiator circuit operating in discrete steps. Plate 6.5 shows the 
output of the deceleration detectors for test sine wave inputs. The output 
is of the same form as the input with a 90 degree phase shift resulting from 
the differentiation. 
Spring is introduced into the loop by the spring tube/lever system used 
to actuate the hydraulics. 
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6.6: 
A brief description 
operation of the major 
of the control system is given outlining the 
components. Software for the mill load control is 
detailed in 7. 
The requirements of the control system as shown in Section 6.1.1 have 
been satisfied:-
.A flexible operating system has been installed into the main controller. 
For modification of control algorithms a set of tasks defining control 
needs can be written and entered into the task table . 
. Schematic diagrams detailing as constructed control and indication 
circuits are sho\vn . 
. Shutdown sequencing has been described in detail and shown by testing to 
be operating satisfactorily . 
. Failure of the processor of the main controller results in system 
shutdown . 
. Detection of extreme operating conditions or failure of sub-control 
circuits results in system shutdown . 
. Construction of the brakes is such that failure of one hydraulic circuit 
does not affect operation of the duplicate circuit . 
. Data logger and telemetering circuits can be connected to the main 
controller • 
. The controls can operate as a fully automated system or allow for 
operator intervention which is censored by the processor. Fully manual 
operation is also possible. 
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CHAPTER 7. 
SYSTEM CONTROL AND OPERATION. 
7.1: Introduction. 
It is the purpose of this chapter to combine the theory and design 
outlined in previous chapters and describe the operation of the wind turbine 
generator as a complete unit. The following are required:-
· Determination of the method of load control of the wind turbine 
generator. Interaction between the turbine I self 
generator and rectifier is required to be assessed when 
microprocessor based controller. 
· Design of software for control of the system. 
excited induction 
controlled by a 
· Assessment of operational performance. This is to be carried out on a 
step by basis. 
· Assessment of the complete system operating under windy conditions. 
Section 7.2 shows the method used to control the steady state 
performance of the WTG giving details of the micrpocessor software used. 
Sections 7.3 and 7.4 give the results of laboratory tests carried out on the 
electrical components of the system while Section 7.5 gives results of tests 
carried out to measure harmonics in the system. Section 7.6 gives the test 
results for the complete system under windy conditions. 
In all of the following tests a capacitance of 94 ~F per phase has been 
used for generator excitation. 
Page 150 
7.2: Wind Turbine Load Control. 
7.2.1: General Considerations. 
Wind turbine generators of fixed geometry demonstrate a tip speed 
characteristic similar to that shown in Figure 2.3. For a tip speed ratio of 
less than the optimum valu.e, i.e. , X < X the turbine will be unstable. For 
m 
X >X the turbine is stable as it is in this region where an increased load 
m 
will cause the turbine to reduce speed and hence reduce tip speed ratio. 
Under ideal conditions it is desirable to operate the WTG so that maximum 
power transfer from the wind to the turbine shaft is achieved, i.e., so that 
c "" C . P pm 
The described method, used to attain a controlled power transfer from 
the wind to the turbine shaft, consists of employing a combination of the 
self excited induction generator and the controlled rectifier (refer to 
Appendix 3; Milner 1982). By adjusting the rectifier delay angle, generator 
load and hence turbine load are controlled. For the investigations carried 
out here a fixed resistance load on the rectifier output is used as this 
provides a simple starting point for study. More complex loads maybe 
considered for future investigations, eg., power inversion and grid 
connection. 
Use of a frequency independent load on the generator. such as a fixed 
resistance heating bank fed from the rectifier, also simplifies the situation 
in that a shaft speed restriction is not required and the turbine is 
therefore free to rotate at whatever speed is suited to the tip speed 
characteristic. To increase flexibility of the system as a research facility 
the load controller has been designed so that a power coefficient can be 
selected by the operator in the range from zero up to C This allows for pm 
the installation of generators of somewhat lower rating than the turbine 
without risk of generator failure through overload and although such an 
arrangement would not allow C to be reached it would be suitable for pm 
testing of different methods of control and generator types. 
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7.2.2: Method of Control. 
The 6 metre diameter HAWT of three blade, fixed pitch design drives an 8 
pole, three generator (described in 3) through a 1 :10 step up 
gearbox. Refer to Figure 7.1. Turbine blade pitch has been set to 15 
degrees. Although the generator is rated for 3 kW at 50 Hz and 415 V, it is 
possible to operate at a power output of up to 6 kW at higher frequency and 
voltage. Generator shaft speed is limited to less than 5000 rpm for a 
balanced rotor while voltage is restricted to 1000V phase to phase by 
insulation limitations. 
5 E!6 
1:10 3¢ ,3kW 
6EARBO 8 POLE 
3¢ 
0: 
.--------""i R E [ Tf FI 
PRO[£SSOR~----~ 
LOAD 
AN E HOf1ETER 
7 1: Wind Turbine Load Control 
To obtain control of load the microprocessor reads the value of wind 
speed from the anemometer and estimates the power available in the wind. 
This value of power is subsequently multiplied by the power coefficient in 
order to give the required load power. Power coefficient is selected by 
potentiometer setting and is input as an analogue signal to the processor. 
The required load power is: 
where 
== P .. C W P 
(7.1 ) 
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p\v= (p.A. )/2 (7.2 ) 
For closed loop control the actual value of load power is determined 
from the value of DC voltage input to the processor from the electrical 
transducers to 4 I p64) I ie., 
(7.3) 
Equation (7.3) is only valid while the rectifier load remains a fixed 
resistance. 
Current control software used confines control to being three position 
in nature, ie., the actual load power relates to the 
anyone of three ways: 
(1) Actual load less than required load. 
(2) Actual load equal to required load. 
(3) Actual load than required load. 
load power in 
The difficulty with control systems of this type is that preventative 
measures must generally be taken to ensure that the controlled does 
not oscillate about the set point. This can usually be overcome successfully 
by introducing dead zone into the loop. For this system a 
dead zone power has been used such that for large values of 
value of 
power 
the dead zone is and for small values of required power the dead zone 
is correspondingly small. For a power dead zone of PD the three positions of 
control are shown by expressions (7.4) to (7.6). 
PA < (PR - PD) (7.4 ) 
requires load to be increased. 
(p - p ) <= R D <= ( (7.5 ) 
requires no change in load. 
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> ( + PD) (7.6 ) 
requires load to be decreased. 
This type of control is particularly suited to microprocessor 
applications such as the system used here. All calculations made by the 
processor are by use of unsigned integer values since the employment of 
floating mathematics routines excessively restricts processing time and 
memory storage capability. Actual load power can be matched to the required 
load by a series of estimative iterations. For the example of Figure 7.2, 
the actual power PA is initially assumed to be zero with the rectifier fully 
blocking. The required power is PR . The delay angle starts with blocking 
(~ = 120 degrees) and decreases in steps of approximately degree (120 x 
2/255) until the actual power falls to within the dead zone region. If the 
processor detects that the power error is increasing the delay angle steps in 
the opposite direction. 
BLOCK 
120" 
ol.DECREASING SETTLING POINT, P,4 
~ 
DEAD ZONE REG/ON 
7.2: Iterative Load Control 
FULL LOAD 
O· 
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The load control software is run as a result of being requested by the 
system control routine. To facilitate control of time variations of 
parameters the system control routine is called once every half second, which 
is approximately a quarter of the calculated mechanical time constant of the 
turbine. Scheduling of the running of the system control routine is 
determined by the operating system of the processor. It carries out th~ 
functions which control general operation of the control system (refer to 
Figure 7.3 and Appendix 4)., ie., 
(i) Control of system status for automatic and panel states. This 
requires routine scans of the control panel to be made to detect if the 
operator has requested control. It also censors the operator requests as 
a safegard against inappropriate actions being taken. 
(ii) Generation of the processor life pulse. This is output to external 
circuits which sense if the system control routine is operating correctly. 
This is accomplished by detection of low frequency (less than 10 Hz) of 
the life pulses. 
(iii) Calling of the load control routine. The load control routine is 
called every second scan of the system control routine. It is thus run 
once every second. 
(iv) Detection of system alarms. If an alarm incoming to the processor 
via the Digital Input Controller is detected or if the processor detects a 
parameter which exceeds a predetermined maximum allowable value, a 
shutdown will be ordered. 
The load control routine (refer to Figure 7.4 and Appendix 4) uses a 
look-up table in order to determine power values from wind speed readings, 
and has 256 entries corresponding to a 2 8 resolution of the anemometer. 
It caters for values of wind speed from 0 to 30 mis) and the table entries 
are scalled to allow single entries in two bytes. Power coefficient is read 
from an analogue input and has a range of 0 to 0.5, but is restricted by the 
characteristics of the wind turbine to lower values. Multiplication of the 
ROUTINE ENTERED EVERY 
HALF SECOND 
NO 
Change State 
of Ufe 
Pulse 
NO 
Run alarm 
checking 
routine 
Sef in to 
YES "Panel" State 
& set Control 
Outputs. 
YES Set Run flag 
YES 
on load control 
routine 
Reset Panel 
State flag 
set Auto 
State flag 
Set or reset 
'--___ .; appropriate 
fl aqs 
Reset 
Count 
fl ag 
Control Routine. 
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ROUTINE ENTERED 
EVERY SECOND 
Estimate potential 
power in the wind by 
reading wind speed 
Pur:: fA UI 
(jet value of power 
coefficien t. Cpo iiJnd 
es fi m ate required 
load power, PR. 
Estimate actual load 
pow€!r. PA, by reading 
o [ vol tage. 
R. = Vd 2 / Rl.. 
NO 
YES 
STep delay angle 
in appropriate 
direction 
DELAY ANGLE LOOP 
ENTERED EVERY 140 mS 
7.4: Load Control Routine. 
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wind power and the power coefficient gives the required power. Dead zone 
power is obtained from the wind speed reading as an index for a set of 
previously calculated values. Application of the DC voltage reading to 
Equation (7.3) gives the actual load power, where load resistance has been 
chosen to be 10 Q. To change the resistance value on Line 101 of the load 
control routine listing needs only to be altered. 
Required, dead zone and actual powers are compared and the delay angle 
modified in the appropriate direction. Loop count is checked and if above 
the maximum the routine is ended. Loop count is used to limit the number of 
iterative steps made on each run to prevent any possibility of software loop 
"lock-up". This maximum loop count has been set to 7. If the loop count 
maximum is not exceeded a delay of 140 ms is applied before a new power 
comparison is made. This allows time for the rectifier and electrical 
transducers to respond to the changes in delay angle. Although this time is 
dependent on the instant on the AC wave at which the change is made, 
frequency of the AC input, and transducer response time it has been fixed at 
a value which is greater than that expected under extreme conditions. The 
extreme condition would consist of operation at the lowest operating 
frequency of the rectifier (5 Hz) and a delay of 60 degrees{ 33 mS) may occur 
before the rectifier can respond. In addition to this the transducers 
require a period of 90 mS to a change in DC voltage level (to 90% of 
steady state value) giving a total delay of 123 mS, or 17 mS less than the 
loop delay. The loop count multiplied by the loop delay is thus smaller than 
the load control routine entry intervals, ie., 7 x 140 mS = 980 mS compared 
with the 1 second entry intervals. 
A power averaging count section in the routine allows the operator to 
make the choice of whether the value of wind power used in the control is 
taken anew on each entry to the load control routine or is averaged over the 
most recent two, three or four load control routine entries. This, to some 
degree, will allow for some control over system damping and response time. 
Prevention of a positive feedback condition has also been made by 
testing each iteration for a decrease in power error, and has become 
necessary because of the unusual nature of the combined operation of the self 
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excited induction generator and controlled rectifier. If a positive feedback 
condition is detected the direction of control is changed by stepping the 
delay angle in the opposite direction. 
Control software has been written in pL/M language because of its ease 
of use and suitability to control fUnctions. It does however require that 
checks be made in all mathematical steps to ensure that overflow and 
underflow conditions do not arise. 
integer arithmetic in the routines. 
This is due to the use of unsigned 
7.3: with Mains to Rectifier. 
As a first step in the assessment of system control the rectifier was 
fed with mains power and a simulated wind speed signal input to the 
processor. The purpose of this test was to determine if the processor can 
set the load power to a value suited to the wind speed signal. The use of 
mains input simplifies test conditions with the more complex case of 
generator input being shown in Section 7.4. The test arrangement is shown in 
Figure 7.5. 
For a set power coefficient of 0.25 and wind speed changes of 12 m/s to 
6 m/s and 18 m/s to 6 mls recordings of wind speed and DC voltage were made 
for power averaging counts of one and four. The expected values of voltage 
can be calculated using Equations (7.1), (7.2) and (7.3), ie., 
Vd (7.7) 
or 
Vd /f71.1 C .U ~ P 
(7.8 ) 
where 
A 1t .R 2 "" 28.27 m 
p 1 .21 kg/m 3 
R 10 n 
L 
3;1 
HAINS 
INPUT 
RECTIFIER 
c-A. 
PROCESSOR 
I] LOA D 
Vd 
U1 SI/'1ULA TED WIND SPEED 
SIGNA L 
Figure 7.5: Controller Tests With Mains Input. 
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Plates 7.1 (a) and 7.1 (b) show the test recordings for the 12 mls to 6 
mls change in wind speed and Plates 7.1 (c) and 7.1 (d) for the 18 mls to 6m/s 
change. Measured steady state values are shown in Table 7.1, \vi th calculated 
values found from by Equation (7.8). Measured and calculated values agree to 
within approximately 4% showing that the system is operating as expected 
under these conditions. For Plate 7.1 (a) the DC voltage has responded in one 
entry or run of the load control routine, however for the change of 18 mls to 
6m/s of Plate 7.1 (c) the routine required two runs, ie., approximately 2 
seconds to respond. For Plates 7.1 (b) and 7.1 (d) where the power averaging 
count has been increased to .4, four runs or a total of four seconds have been 
required to obtain the correct DC voltage. In each of these four runs less 
than the maximum loop count has been used to achieve the required DC voltage 
for that run. 
Wind Speed Calculated Measured 
Input (m/s) DC Voltage DC voltage 
18 499 480 
12 272 270 
6 96 100 
Table 7.1: Test Results 
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The effect of increasing the averaging count has thus been to alter the 
dynamic characteristics of the load control system in that the response times 
have been increased by the amounts shown above. 
7 4: With Generator Rectifier. 
As an extension of the mains fed controller tests the self excited 
induction generator was used as the source of power for the rectifier. The 
generator was driven by a Schrage motor which provided control over generator 
shaft speed. 
7.4.1 : 
The role of capacitors as a source of lagging reactive current for 
excitation of the induction generator has been described in detail in Chapter 
3. For an unloaded generator the lagging current required for generator 
excitation is approximately equal to the capacitative current as illustrated 
by Figures 3.9 and 3.13, ie., 
I 
m 
I 
c 
(7.9 ) 
For purely resistive loads the supply of this excitation current to the 
generator is largely unaffected) however if a complex lagging load is placed 
on the machine excitation current is effectively "stolen" from the generator 
resulting in a decrease in generated voltage (assuming constant speed). 
Referring to Figure 3.15. the magnetising current is now approximately 
described by:-
I '" m - I q 
(7.10) 
In practical cases however the speed of the generator shaft will not 
remain constant as excitation changes. This is because a decrease in 
generated voltage, as a result of lower excitation current. generally results 
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in a decrease in real load power and a similar decrease in generator losses. 
This will usually give an increase in shaft speed since the prime mover is 
less heavily loaded. 
The controllable rectifier affects the self excited induction generator 
in two ways: 
(i) As rectifier delay angle is decreased the generator becomes more 
heavily loaded since the rectifier is dra\ving increased real current, as 
shown by Equation (4.11). 
(ii) A similar decrease in delay angle also changes the amount of lagging 
reactive current drawn by the rectifier resulting in a change in machine 
excitation as described in the above. Refer to Equation (4.12). 
Equation (7.10) can now be modified for the 
combination to:-
rectifier/generator 
or 
I 
m 
I 
m 
(7.11 ) 
(7.12) 
Equating (7.12) with (4.6) gives:-
I 
m 
(7.13) 
The purpose of developing Equation (7.13) is to demonstrate the complex 
nature of the interaction between the self excited induction generator and 
the controllable rectifier. Equation (7.13) can be further complicated by 
including the expression relating generated voltage and magnetising current 
(Equation 3.2) and also an expression for frequency such as Equation (3.5). 
The result is a transcendental equation which is difficult to manipulate and 
because generator losses have been ignored it would provide results of 
dubious accuracy. Additionally, for a rectifier without an inductor on the 
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DC output the use of Equation (4.6) and Equations (4.11) and (4.12) is not 
valid, and the foregoing would need to be accordingly modified. However 
although these equations are only approximate they do demonstrate the 
underlying principles involved in the interaction of the generator and 
rectifier. 
Equations (4.16) and (4.17) can be used for estimation of DC output 
voltages for known input AC voltages and delay angle. For the generator/ 
rectifier combination, the estimated and actual values of normalised DC 
voltage are shown in Figure 7.6 for a 400 n DC load. The points marked (a), 
(b), (c), (d) correspond to the photographed waveforms of Plate 5.2, which 
display large amounts of harmonic distortion on the input waves, primarily 
due to generator saturation. The fact that the harmonic content decreases 
as delay angle is decreased is due to a decrease in generated voltage as a 
result of less excitation current being available to the generator. 
The discrepency between calculated and measured values for large delay 
angles is probably due to harmonics, based on two factors:-
(i) The difference 
voltages is less 
harmonics present. 
fed case and this 
between measured and calculated rectifier output 
than 10% for mains input, i.e., negligible voltage 
Refer Figure 4.10. The difference between the mains 
situation is that the voltage waveforms contain 
considerable harmonics in the generator fed case. 
(ii) As delay angle is reduced the difference becomes less since the 
generated voltage is also decreasing and the harmonic generation is less 
due to a drop in saturation. 
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Waveforms 
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10 mS/div 
(C) Ct 30 degrees. 
mS/div 
Waveforms 
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7.4.2: Controller 
As in the case of mains input, tests were carried out for changes in 
wind speed signal. Changes in wind speed used were 15m/s to 6m/s and 12m/s 
to 6m/s. The test circuit is shown in Figure 7.7. Power coefficient was again 
set to 0.25. 
For power averaging counts of one and four, Plate 7.3 shows the recorded 
responses. As for the mains fed case the responses are slowed by the 
increase in power averaging count. The results were similar to those for the 
mains fed tests in that the traces for power averaging counts of 4 yield 
response times corresponding to four load control routine .runs or about 4 
seconds. Also, for power averaging counts of one the response of Plate 
7.3(c) required two runs and for the 12 m/s to 6 m/s response only one run 
was required. Measured and calculated values of DC voltage are shown by Table 
7.2 and are within 7% of calculated values. 
S£16 
~~~~----;R£CTIFIER 
PROCESSOR 
LOAD 
S/t1ULA TED 
WIND SPEED 
SIGNAL 
7.7: Controller Tests With Generator 
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Wind Speed Calculated Measured 
Input (m/s) DC Volts DC Volts 
15 380 376 
12 272 290 
6 96 100 
Generator 
- Rectifier Combination. 
When the rectifier is operating under conditions of heavy load, large 
amounts of harmonic voltages are created by the rectifier, the generator 
simply acting as a load under these circumstances. The situation is similar 
to that explained in Chapter 3 where the appearance of these harmonic 
voltages becomes less evident as harmonic number increases since the 
excitation capacitors short circuit the high order harmonics. 
For a high order harmonic current I generated at the rectifier 
v 
terminals, the voltage of the harmonic seen over the capacitors is:-
V =I/(v.w1.C) 
v v 
(7.14) 
where v is the harmonic number. 
The portion of harmonic current which passes into the generator is small 
for high order harmonics since the leakage reactances of the machine are 
large. As harmonic number decreases, more current will be shared between the 
capacitors and the generator, and Equation (7.14) will no longer hold true. 
For the third harmonic, the situation becomes even less clear since the 
generator will also be generating substantial voltage at this order of 
harmonic due to saturation. 
A Wandel and Goltermann Power Line Harmonic Analyser was used to measure 
harmonic voltages and currents at the input terminals of the rectifier the 
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results of which are given in Figure 7.8 for line-neutral voltages. For the 
high order harmonics, Equation (7.14) is accurate to within about 5% (c = 
90 ~F, f1 = 50 Hz)and as the harmonic order decreases it becomes obvious that 
the generator is taking a larger share of the harmonic current. 
For the fundamental component, power flow can .only be from the generator 
to the rectifier and this is the measured situation referred to in Figure 
(3.17). The total current flowing in the line is:-
I = ~If + I~ + I~ + ........ + I2 
n 
(7.15) 
For the results of Figure 7.8 this gives a total current of about 7 
amperes which is substantially higher than would be expected, indicating that 
caution should prevail in using the SEIGI rectifier combination since 
currents are likely to be greater than initially considered. 
7.6: Wind Powered WTG Tests. 
The tests conducted in the two previous sections indicate that the load 
control system should operate satisfactorily under wind powered conditions. 
It would not however be possible to operate the system at maximum power 
coefficient since appreciable winds would overload the generator. It was 
therefo~e decided that these tests would be carried out at a low selected 
value of power coefficient and if operation proved to be successful, it 
should also be successful at higher power coefficients (including C ). pm 
This would necessitate the installation of a larger capacity generator of the 
order of 20 kW. 
System operation was tested under two circumstances:-
(i) Manual operation. 
(ii) Automatic operation with a power averaging count of 1 and a set power 
coefficient of 0.1. 
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7.6.1; Manual 
A manual test was carried out simply to provide some feel for the 
difficulty of obtaining a fixed power coefficient. Recordings of wind speed, 
DC I shaft speed and angle were made and are shown in Plate 7.4. 
It can be seen that for increases in wind speed the operator has 
increased turbine load, however it was not at all possible to obtain a 
constant value of power coefficient or tip ratio by this means. 
N 110 
rpm \ 
N 
/ 
Delay angle (20 o /mm) 
155 rpm 
Shaft speed (37 rpm/mm) 
DC Voltage (60 V/mm) 
m/s 
Wind speed (3.7 m/s/mm) 
Plate 7.4: Manual Load Control 
7.6.2: Automatic 
Plate 7.5 shows similar for closed loop control of power 
coefficient As wind speed changes the processor modifies delay so 
that the appropriate load is placed on the turbine. The vertical marks on 
Plate 7.5 show the points at which the load control routine is entered and a 
new wind reading is made. The marks are thus one second apart. 
Page 175 
After to the load control routine. ie., at a mark, the processor 
will settle on a DC voltage at the end of a one second • ie., at the 
next mark. The DC voltage at each mark will thus correspond to the wind speed 
reading at the previous mark. During the intervening period the processor is 
stepping the 
fluctuations is AC 
values in delay 
A 
abc d e f 
angle in order that correct voltage is found despite 
due to excitation changes caused by the changing 
and also due to shaft speed changes. 
B C D 
Shaft (37 rpm/m!tl) 
Wind speed (3.7 m/s/rnrn) 
abc d e abc d e f 
Plate 7.5: Automatic Load Control 
This is illustrated by the group of marks "A" in Plate 7.5. At mark (a) 
the measured wind speed is 10.5 m/s giving a wind power Pw of 19 800 W. The 
processor modifies the delay angle over the next one second period to give a 
DC output voltage of 150 V at (b). For a power coefficient of a .1 the 
required power at (b) is 19 800 x 0.1 = 1 980 W, with a dead zone power 
PD of 385 W. The actual power therefore should lie in the region of 595 W 
to 2 365 W. For the 150 V output the actual power is 2 250 W, and is 
within the required dead zone area. Similarly for a new wind speed reading 
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taken at (b) of 11 mls the required power PR at mark (c) will be 22 770 :x: 
0.1 ± 385 W, where the 385 W is the dead zone. This makes the required power 
lie in the region of 1 895 W to 2 665 W. The measured DC output voltage at 
(c) is 140 V giving an actual pmver of 2 OOOW, which is again wi thin the dead 
zone area. Tip speed ratio has been maintained around 3.6 for the two cases. 
For the case of the measured 10.5 mls wind speed at (a) the shaft speed at 
(b) is 130 rpm giving X = 3.8 and for the case of the 11 m/s wind speed at 
(b) the shaft speed at (c) is 120 rpm giving X 3.5. These values will 
remain relatively constant where wind speed is not fluctuating quickly, 
because the changing conditions are not so extreme as to cause great 
variations in turbine speed in the intervening period. 
For Inark (c), a sudden decrease in DC voltage occurs and is caused 
by the drop in wind speed shortly before mark (c), and results in the drop 
in shaft speed with a corresponding fall in AC vol tage . The ,..rind speed is 
thus read at (c) and the processor attempts to modify delay angle to obtain 
the correct load, ie., it increases delay angle to reduce load to the extreme 
where it reaches 120 degrees. At this point the AC voltage has not totally 
collapsed to below the minimum allowable of 60 V and on the next mark (d) an 
attempt is made to increase load. This only lasts for a short period until 
the voltage begins to fall further due to the rectifier reducing generator 
excitation, whence it runs the delay angle back up to 120 degrees and 
prevents total de-excitation. At (e) the processor again attempts to reduce 
delay angle so that load will increase, but in this case the wind speed also 
picks up resulting in a return to normal operating conditions. For the wind 
speed reading taken at (e) of 9 mIs, the required power at (f) is 12 470 x 
0.1 ± 385 W where the dead zone power is 385W. The actual power should 
therefore lie in the region of 960 W to 1 630 W. Measured DC voltage at (f) 
is 105 V giving an actual load power of 1 100 W, which falls within the dead 
zone. The shaft speed at (f) is 110 rpm corresponding to a tip speed ratio 
of X = 3.8 as measured before at (b). 
Group liB" of marks exhibits the abnormality of delay angle being at 120 
degrees for an extended Period. For the high wind speed reading taken at 
mark (a) the processor reduces delay angle in order to increase load, but the 
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process runs into difficulty when the wind speed suddenly drops in 
a loss of AC voltage since shaft speed decreases. The processor sees the 
situation as one of incorrect sign of delay steps and subsequently 
increases delay angle up to 120 degrees. The de-excites and the 
delay angle remains at 120 degrees since the load control routine is not 
accessed because of the de-excited state of the generator. For mark 
(d) the wind speed picks up and the turbine speed increases 
for the generator to re-excite and allow normal control to take 
place over the period between (d) and (e). For the wind speed of 16 mls at 
(d), the required power at (e) is 70 080 x 0.1 ± 1 535 W or in the range of 
5 475 W to 8 545 W. 1 535 W is the dead zone power. The measured DC voltage 
at (e) is 240 V giving an actual load power of 5 760 Wand is within the dead 
zone region. The tip speed ratio for the measured wind speed of 155 rpm is X 
3.1 and is seen to be less than the previously calculated values. This is 
primarily caused by the greatly fluctuating wind in the intervening period 
between marks (d) and (e) resulting in unanticipated variations in shaft 
This would indicate that a faster control is required in order to 
account for quickly varying wind patterns. The apparent drop in shaft speed 
in the period between (b) and (d) results from the shaft speed being so low 
that the shaft speed transducer has dropped below its lower operating 
threshold. 
For group "C" normal operation begins at mark (a) where a wind speed of 
13.5 mls is recorded giving a required load power of 42 100 x 0.1 ± 770 W 
where the 770 W is the dead zone power. The required DC voltage range to 
achieve this ranges from 185 V to 223 v. This voltage would have been 
achieved if it were not for the sudden drop in wind speed in the (a) to (b) 
period resulting in a drop in AC voltage and subsequent drop in DC voltage. 
As the AC voltage falls to below the minimum allowable value the processor 
forces the delay angle up to 120 degrees and as a result the AC 
marginally exceeds the minimum allowable value. The load control loop is 
entered at (c) and the delay angle decreased to increase load, with a 
subsequent drop in AC volts to below the minimum allowable value. The 
correct DC voltage is apparently achieved at (d), albeit below the minimum 
allowable value of AC voltage of 60 V. When the next occurs at mark 
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(d) the AC voltage is less than 60 V and the controller holds the delay angle 
at whatever value it was at before the new reading. At mark (e) the AC 
voltage, through an increase in wind speed, begins to rise to the extent 
where the control loop is again active and operation again returns to normal. 
The wind speed reading at (e) is 11 m/s giving an allowable range of actual 
powers of 895 W to 2 665 W. Measured DC voltage at (f) is 145 V giving an 
actual load power of 2 100 W which is within the dead zone area. Notice also 
that the wind speed between (e) and (f) is reasonably constant. The tip speed 
ratio of X = 3.3 results from a shaft speed of 115 rpm at (f). 
A similar situation occurs in the area "0" as in the case of "C" above, 
where the wind speed unexpectedly falls shortly after a new wind speed 
reading has been taken. This case however is different in that the wind 
speed increases in short bursts whilst in a generally quiet period, resulting 
in the appearance of DC voltage spikes due to short periods of increased 
shaft speed. 
7.7: 
The load control system has been tested in a step by step manner and 
shown to operate satisfactorily under laboratory conditions. Self excited 
induction generator/controlled rectifier combined operation has been shown 
with test results. Wind powered operation has been tested and shown that 
operation is satisfactory under slowly varying wind conditions. For 
conditions where the wind is fluctuating rapidly the system is unable to 
maintain tip speed ratio at a relatively constant value and faster control of 
delay angle is required. The system would be improved if the generator was 
of a larger size so that higher loads could be placed on the turbine and thus 
operate at higher outputs near optimum power coefficient. Adjustment of the 
blade pitch angle may also be necessary for the turbine to operate at higher 
tip speed ratios. 
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CHAPTER 8. 
PROSPECTS FOR THE FUTURE. 
8.1: Introduction 
With the immediate objectives of the project achieved it is to 
extend research in the form of application of the wind turbine generator to 
practical uses. Several such proposals are listed below along with several 
ideas for basic research on wind turbine generators. 
8.2: for WTG 
.G1asshouse 
An application of the wind turbine generator to horticultural glasshouse 
heating is shown in Figure 8.1, and is based on the high heat loss that 
these buildings experience in cold windy conditions. During these periods 
the WTG is capable of supplying direct heating elements inside the 
glasshouse. Warm windy spells may occur however, when the glasshouse does 
not require heating and the energy from the WTG is stored in water storage 
tanks. This heat is then available for heating when the windmill is of 
little use, i.e., during cold still periods. The present control system 
is capable of controlling these functions. Refer to Appendix 3 . 
. Para1lel Operation of WTG With Other Generators. 
Also of considerable interest 
parallel with other 
would be the operation of the 
This could take three forms:-
WTG in 
(1) Direct connection of the SEIG to a grid, bypassing the rectifier 
as in 8.2. For a fixed frequency grid and a variable speed 
wind turbine the between generator load, wind speed, 
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WATER 
HEATING 
POWER ~ [ONTROL 
LINES 
[ONTROL LINES 
8.1: Glasshouse WTG. 
turbine power coefficient and generator slip would be of considerable 
interest. In the case of all generators on the grid being of the 
asynchronous type as suggested by de t-1ello (de t-1ello 1981, 1982) then 
for n identical generators the total real power is zero, i.e. h load 
and generated powers are equal (neglecting losses) . 
(8.1 ) 
\fuere is a load resistance. This leads to: 
R'/R 
:2 L (8.2) 
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8.2: Parallel of SEIG 's. 
Where Kl is a constant value. Assuming generator 1 is a WTG 
operating at slip Sl then it's generated power is:-
P.C = 1!2.p.A.C .Ui W p p (8.3) 
or 
(8.4 ) 
Assuming a large bus where the voltage is constant, then the 
steady state condition is:-
(8.5) 
where 
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1/2.p.A.R~/V2 (8.6) 
The resulting interaction between Equations (8.2) and (8.5) is 
significant and justifies further study. The equations could be 
extended by assuming non-identical generators, non-infinite bus and 
mixed generator types on the bus as well as transient effects. 
(2) Connection of the WTG to a grid using an ADA system as shown by 
Figure 8.3. To accomplish this with the current WTG, inversion of 
the DC output would be required. This could be fixed frequency and 
voltage for connection to the existing New Zealand grid or variable 
frequency and voltage for connection to an fully asynchronous 
generator supplied experimental grid. 
(3) Both (1) and (2) above could be modified for uses with different 
generator types . 
. Wind/Hydro Electric Scheme. 
New Zealand, as well as being a country particularly suited to generation 
of electricity from the winds, is well endowed with hydro-electric 
potential. Although this resource is currently well employed, some savings 
may be possible if wind power is used in conjuction, as shown by Figure 
8.4. During peak load periods the hydro supplies the grid load, and if 
the wind is available, the WTG's output could constructively be put to use 
to pump water back up to the storage lake, thus preserving water supply. 
Studies into the feasability of such a scheme could also be made. 
5EI6 AC RECTIFIER DC INVERTER AC 
~----1 PROl~ESSOR 
~-------------4 
ANEMOMETER 
OTHER 
GENERA TORS 
8.3: AC-DC-AC 
GRID 
Scheme. 
W. T.G. 
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803: Basic Research 
Studies on the wind turbine and its associated generator and control 
equipment which would be of interest are:-
.Turbine Blade Design 
The wind turbine generator constructed uses untwisted blades as described 
in Chapter 5. The use of untwisted blades was based on three factors:-
(1) Untwisted blades are easier to construct. 
(2) A computer program PROP which computed performance showed only an 
8% inprovement when optimally twisted blades are used over 
untwisted blades. 
(3) Estimates from results produced by R.H. Miller (Miller 1983) 
suggest improvements of less than 5% are possible. 
For the purposes of the current experiments it was considered that 
the advantages of improved performance of the turbine with twisted blades 
was outweighed by the simpler design and construction of flat blades. It 
is possible however that experiments could be carried out using differing 
blade designs, including those optimally twisted. This would necessitate 
construction of new blades, spars and spindles • 
. Tip Vanes. 
Tip vanes should also be considered following work by Van Holten (Van 
Holten 1978). The turbine is of a suitable scale such that work of this 
nature would not be of great difficulty. 
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.Mechanical Resonances. 
The effects of resonances induced in wind turbines due to factors such as 
tower shadow can have serious consequences on the operation of the 
machines and should merit serious consideration for study on this wind 
turbine, since it is in this type of HAWT that tower shadow has its 
greatest effect . 
. Generator and Rectifier Efficiencies. 
The experiments described in this thesis are mainly concerned with 
obtaining controlled power transfer efficiency through the wind turbine, 
and uses a self excited induction generator and controlled rectifier for 
electricity generation and WTG control. The effects of generator and 
rectifier efficiencies have been neglected and it would seem appropriate 
to study these in the near future. 
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CHAPTER 9. 
CONCLUSIONS. 
A wind generation research facility has been designed, 
commissioned on the campus of the University of Canterbury. 
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constructed and 
The facility is 
currently operating under microprocessor control using a self excited 
generator and controllable rectifier for the generation of 
Output at this stage is simply dumped in the form of heat. 
induction 
electricity. 
It was possible to control wind turbine power coefficient by control of 
generator load. This was done by feeding the generator output through a 
controlled rectifier into a fixed resistive load. Control was achieved by 
varying the rectifier delay angle. Determination of required delay angle is 
made by detection of wind using the microprocessor based control 
system. 
Self excited induction generator steady state operation has been 
discussed in terms of phasor diagrams and it was shown that diagrams drawn 
for currently used equivalent circuits inadequately describe the operation of 
the machine. An alternative equivalent circuit has been suggested. Further 
study of the steady state operation of the self excited induction generator 
to determine the exact nature of the relationships between the equivalent 
circuit and phasor diagram is recommended. 
Design and operation of a controllable rectifier has been described, 
where linear control has been obtained over a wide range of frequencies and 
for distorted input waveforms. Interaction of the rectifier with the self 
excited induction generator has been described and shown to be of a complex, 
although workable nature. 
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Improvements in the load control system would increase its ability to 
demonstrate the practicability of this form of wind turbine control. 
Increasing the speed of the microprocessor software would be advantageous in 
that dynamic performance of load control system could be improved. Studies 
of this nature would be of great value. Increasing speed of the system would 
most simply be done by redesign of software, particularly in the operating 
system. Further improvements could also be made through study of the optimum 
pitch angle of the blades. Operating capacity would also be increased by 
installation of a larger generator, possibly in the region of 20 kW. 
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APPENDIX 2. 
DETAILS OF TURBINE LOAD CALCULATIONS. 
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Locked Rotor Blade Loads. 
Test Z nn A Aerodynamic 
Point (mm 3) (mm 2) Loads 
Point A 20 530 2 335 D ::: 575 N 
M "" 855 Nm 
Point B 12 360 1 358 D =: 575 N 
M == 685 Nm 
Point C 5 680 390 D == 415 N 
(Spar) (Spar) 
41 695 3 193 M == 350 Nm 
(GRP ) (GRP) 
Point D 19 420 2 020 D == 45 N 
M = 3 Nm 
General Parameters for Blades: 
Ultimate tensile strength of spindle 
"" 
100 MPa 
Ultimate tensile strength of spar 400 MPa 
Ultimate tensile strength of GRP == 250 MPa 
Modulus of elasticity for spar ::: 210 x 10 3 MPa 
Modulus of elasticity for GRP = 24 x 10 3 MPa 
Main Shaft Loads. 
Axial load F 400 N 
Out of balance force F 
"" 
660 N 
Blade and hub weight F ::: 820 N 
Precession couple M 670 Nm 
Torsional load T 1 500 Nm 
Coupling weight F 90 N 
Out of balance couple at foward end == 86 Nm 
Test Z A r M Aerodynamic pp 
Point (mm 3 ) (mm 3 ) (mm 2 ) (mm) (kg) Loads 
Point A 20 530 20 530 2 335 0.99 17 .1 FNT = 395 N 
FpT = 85 N 
M = -425 Nm NT 
MpT :::: 85 Nm 
Point B 12 360 12 360 1 385 1 .08 14.3 FNT = 390 N 
FpT = 90 N 
M :::: -495 Nm NT 
MpT = 75 Nm 
Point C 5 680 15 820 390 1 .43 6.8 FNT = 120 N 
Spar Spar = 60 N 
41 695 434 540 3 193 MNT = -670 Nm 
GRP GRP GRP MpT :::: 20 Nm 
Point D 19 420 84 972 2 020 2.7 0.2 = -275 N 
:::: 8 N 
M ':::: -45 Nm NT 
:::: 2 Nm 
Free Rotor Blade Loads. 
Loads 
F = -505 N AN 
FAP = 135 N 
M :::: -410 Nm AN 
MAp:::: 1 0 Nm 
FB :::: 7 445 N 
F :::: -480 N AN 
FAP = 130 N 
M = -375 Nm AN 
MAP = 100 Nm 
FB = 7 130 N 
F :::: -290 N AN 
FAP = 80 N 
M = -155 Nm AN 
MAP = 45 Nm 
FB = 4 280 N 
F = -15 N AN 
FAP = 4 N 
M :::: 0 Nm AN 
M :::: 0 Nm AP 
= 240 N 
Total I 
I Loads 
= -110 N 
:::: 220 N 
= -835 Nm 
:::: 195 Nm 
F ::: -90 N N 
480 N 
-870 Nm 
175 Nm 
i 
FN -170 N i 
140 N 
MN -825 Nm 
65 Nm 
-290 N 
12 N 
M :::: -45 Nm N 
:::: 2 Nm 
'1l! 
Jl 
CD 
N 
W 
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Main Shaft sections. 
Section Modulus Polar Section Area 
Z (wm 3 ) Modulus A (mm 2 ) 
Z (rnm 3 ) 
Stern End 21 205 42 410 2 825 
Foward End 8 945 17 890 1 590 
Main Shaft Splines. 
Effective radius R = 27.9 rnm 
Ultimate tensile strength for main shaft 
Torque rating of splines 
1 100 MPa 
206 235 Nm 
= 110 Nm Actual torque 
Hub. 
Section modulus at base of block shoulder 271 x 10 3 rom 
6 800 mm 2 Area 
PIoment 
Shear force 
Ultimate tensile strength of plate 
Bearing Loads. 
M = 850 Nm 
F = 7 445 N 
400 MPa 
d 
(rnm ) 
60 
45 
Main Shaft stern Yaw Shaft Upper 
Load (kN) Load (kN) 
Dynamic load 2.2 20.96 
I 
Static load 3.9 13.26 
Dynamic load rating 200 446 
Static load rating 163 401 
I 
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Support Column Loads. 
Reaction to main shaft torque T 500 Nrn 
Pod weight F 6 470 N 
Yaw torsional load T 150 Nrn 
Drag force on pod F :::: 25 N 
Precession couple M 670 Nrn 
Drag force on blades F =: 400 N 
Out of balance force F 660 N 
Support Column Sections. 
Section Modulus Polar Section Area D d 
Z (rom 3 ) 
Yaw shaft, upper 67 895 
Yaw shaft, 553 600 lower J 
Column, lower 
Yaw Shaft Gears and Spline. 
Spline: 
Effective radius 
Ultimate tensile strength, yaw shaft 
Torque rating of spline 
Actual torque 
Yaw Gears: 
PCD No. Teeth 
(rom ) 
Gear 420 134 
Pinion 58 18 
Modulus A (rom:<l) (rom ) (rom ) 
Z 
135 
248 
(rom 3 ) 
R 
785 3 970 
240 6 734 
7 864 
42.98 rom 
= 400 MFa 
::::: 66 900 Nrn 
:::: 1 150 Nrn 
Torque Rating 
(Nm) 
12 600 
1 740 
95 63 
112 63 
273 254 
Actual Torque 
(Nrn) 
1 150 
155 
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Autonomous Wind Energy 
nn1u ...... 'Ir"' .. Using a Self Excited 
Generator for Heating 
I.P. Milner, D.B. Watson. 
Departmenl of Electrical Engineering, University of Canterbury. Christchurch, 
New Zealand. 
Abstract 
A description is given of the design philosophy and construction for an autonomous 
willd energy conversion system using a self excited induction generator to provide 
heat for a plant propagation house. Emphasis is given to the mechod of optimisation 
of generator output to obtain maximum possible energy extraction from the wind. 
Introduction 
Wind energy conversion systems range from large scale systems interconnected to 
the electricity grid, to smaller autonomous systems for remote power supplies or 
for rural and domestic heating. This paper describes a small scale system under 
construction, and reviews some of the design philosophy. 
The purpose of the project is to inve$tigate power supply to a horticultuul 
glass house. Rising fuel costs coupled with uncertainty of oil supplies have already 
influenced glass-house economies such that changes in heating methods, e.g. moves 
toward all electric heating, are now taking place. During this period of change 
there has been a renewed global interest in wind powered generation. The applic· 
ation of wind power to glass house heating therefore merits consideration particul-
arly when it is realised that large heat losses occur in very windy weather [IJ. 
Direct heating of resistive elements from a wind powered generator could meet the 
heating load, and during normal periods the wind powered generator would supply 
a heating element inside a large water tank, storing thermal energy for cold periods 
which occur when the wind speed is insignificant. 
The proposed wind energy conversion system is autonomous in that it does 
not feed electrical power into an existing electrical grid, but whenever the wind 
speed is high enough it supplies electrical energy for use in an existing heating sys-
tem. It is therefore not necessary to generate a constant voltage or constant freq-
uency supply, and indeed direct current can be used in such heating applications. 
Furthermore. in order to obtain the maximum power available from the wind 
whenever it blows, a variable speed windmill is required. Finally the system must 
be relatively simple. cheap and rugged. These conditions are met by a variable 
speed windmill with fixed blade pitch driving a self excited induction generator, 
the electrical power being fed into the heating elements through a controlled 
rectifier unit. 
The wind generator scheme described here is suitable for experimentation 
on this type of application. Since this study basically revolves around the subject 
of optimisation and its implementation on the experimental windmill, it is con-
sidered to be essentially electrical in nature. 
Ro,or 
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Self Excited Induction Generator (SlUG) 
In wind energy conversion systems the induction generator is seen to offer some 
advantages over synchronous or d.c. generators due mainly to its comparatively 
simple and rugged construction. Self excitation is achieved by connecting capac-
itors across the output terminals as illustrated in Fig. 1. An additional requirement 
for self excitation is, however, the existence of residual magnetism in the machine, 
for without this the subsequent buildup of voltage cannot occur. 
There is a minimum value of capacitance and generator speed below which 
excitation will not occur, and for values which cause excitation the voltage buildup 
is limited by the intersection point of the generator magnetisation curve and the 
capacitor load line as shown in Fig. 2. For a wind generator using a SErG the 
windmill must reach a speed above which excitation can occur before the generator 
is considered to be operationaL This is the electrical cut-in speed. Above this speed 
the voltage and frequency are determined by complex relationships between speed, 
magnetization characteristics, and load impedance. 
Capacitor 
Load Line 
Stable 
Operating 
Point 
Magn~tization Curve 
Stator 
Current fg 
Figure 2 SEIG Excitation Characteristic 
SEIG·Controlled Rectifier Combination 
Recent p1lblications [2,31 have described a method by which the SErG output can 
be controlled using a controlled thyristor rectifier unit. The method relies on vari-
. ation of rectifier delay angle to modify the active and reactive power now from the 
generator, thus proViding a form of variable excitation. Steady state investigations 
have shown that the generator output can be controlled over a very wide speed 
range. This makes it possible, between electrical cut·in speed and generator maxi-
mum rating, to optimise the power output from the system. 
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AN AUTONOMOUS WIND ENERGY 
When the SEIG is driven by a fixed blade pitch windmill, the windmill speed 
is determined by the wind velocity and the generator output. Optimization of the 
performance of the system is obtained by control of rectifier delay angle, i.e. opti-
mum tip-speed ratio is maintained by loading the generator to obtain a mill speed 
suitably matched to the incident wind speed. Under these conditions the power 
extracted from the wind is maximised, the power output from the generator increas-
ing with the cube of the wind speed (Fig. 3). 
1 
G(lnerator 
Power 
Output 
Geoeratof Rated 
Power 
Pg 
Wind Velocity. V 
Fisure 3 Wind Generation Power Characterislic 
BbJ<I'11 S~a ... U 
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Fixed Blade Pitch Windmill 
The experimental windmill is a trailing horizontal axis machine of 6 metre diameter 
with three fixed pitch blades and is mounted on an 18 metre steel tower (Fig. 4). 
The blades are a composite structuce of folded sheet steel spar, polyurethane foam 
former, and glass reinforced plastic skin moulded to a NACA 0012 section. Blade 
pitch can be set manually when the mill is stationary to facilitate ex.perimentation 
with differing pitch angles. Power transmission to the 8 pole 3-phase 10 KW induc-
tion generator is through a I: 10 helical gearbox with flexible coupling. Since the 
windrnillis of the trailing type it is self aligning. However, the turntable does have 
a servo drive to obtain feathering by turning the whole mill sideways on to the wind, 
ensuring this position is maintained until disc brakes are applied. 
Electrical cut in speed will occur for wind speeds in the order of 4 to S km per 
hour, while maximum generator output is expected to be realised for a wind speed 
of 40 km per hour. Response time of the mill to step changes in wind speed depend 
largely upon the requirement of adhesion to the optimum speed ratio, and for a 
step increase from zero wind speed to that required for maximum output it is 
estimated that response time will be in the order of 20 seconds. 
The hothouse to be used during testing is approximately 12m by 4m and 
2.2m high with glass ceiling and three glass walls to facilitate trapping of the sun's 
heat. When additional heating from the windmill is required it is accomplished 
either directly by resistive elements, or by circulation of preheated water if wind 
speed is too low to supply enough direct heating. 
Overall control of the mill will be by the microprocessor based system of 
Fig. 5 designed around a general purpose 8 bit microprocessor controller data 
logger board. This allows flexible multipurpose control of a range of functions 
including plant optimisation, protection, data logging, teiemetering and manual 
control. 
By sensing incident wind velocity the rectifier delay angle is adjusted in order 
to obtain a maximum power coefficient for the mill. Limitations are set by elec-
trical cut in speed and generator rating. As the response time of the microprocessor 
rectifier system is very small, less than a cycle of the generated voltage, response to 
changes in wind speed is Limited only by the dyna1J1ics of the mill. 
(j1.'3:rhru: 
&SEIG 
Recllfha 
Urtll 
Switching ('ontrol 
Switchjn{! & 
Protl:t:tlon 
Direct 
EIe:cuic;aJ 
He:ning 
Thermal srorase Tank 
Makeup 
Thc:rmlli Sensing 
Mh:roProc~uor Baled Conttoller 
Olhl:t Conlr!)] 
Sign:dt.Onkt: 
BUller)' Charger.",t!; 
OaU. 
Loggina 
Telt:metry 
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FigurE' 5 Wind Gener:Uor Conlral SY11em 
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AN AUTONOMOUS WIND ENERGY 
DiscWlSion and Conclusions 
A windmill with fixed blade pitch driving a self excited induction generator repres-
ents a cheap and rugged mechanical system. Controlled rectification provides a 
cheap, reliable method of power control. With microprocessor control the system 
can provide maximum heating power at all wind speeds, by variable sp~ed operation. 
The system described will be used to supply :l.uxilliary heating for a small 
propagating house equipped with electric heating elements. A large water slorage 
tank will provide alternative thermal storage. 
The use of controlled rectifiers eliminates the need for mechanical blade 
pitch control, and for electromechanical actuators to operate at cut in and cut out 
speeds. Inclusion of a three phase inverter would make the plant suitable for inter-
connection to an electricity grid. 
The SEIG has favourable characteristics under fault conditions, including 
de-excitation shortly after the application of a short-circuit fault on the generator 
terminals. Studies of the dynamic performance of the autonomous system are now 
required under such conditions as faults and rapid changes in wind conditions. On 
the completion of the basic wind generator it is intended to undertake such experi-
ments, 
References 
[11 Brandenburg, W. Canterbury Growers Review. May 1978. 
[2] Arrillags, I., Watson, D.B. "Static Power Conversion from Self Excited 
Induction Generarors", Proc.I.E.E •• Vol.125. No.8. 1978. 
[3] Watson, D.B., Arrillsfla, I., Densem, T. "Controllable D.C. Powel'Supply 
from Wind Driven Self Excited Induction Machines". Prac. EE.E .. Vol.I26. 
No.12,1979. 
223 
APPENDIX 4. 
SYSTEM CONTROL & LOAD CONTROL 
CODE LISTINGS. 
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PUll-SO COMPILER SYSTEM CONTROL ROUT I NE 
ISIS-II PUM-SO V3.1 COIIPILATION OF MODULE PAHELMODULE 
OBJECT MODULE PLACED IN :FI:MILPAH.OBJ 
COHPILER INVOKED BY: PlMBO :Fl:HIlPAN.P80 
$IIlCLUDE (: F!: IHLMH2. PBO) 
fSYMBOLS XREF DEBUG PAGEWlDTH(!321 PAGElEN6TH(601 NIJINTVECTOR lXREF 
HITLE!' SYSTEM CONTROL ROUTIWE') 
PIINEUMODULE: 
DO; 
2 DECLARE (PROALM,EXT/lLI1) BYTE PUBLIC; 
3 DECLARE !lNHIB,DZ,NArtA,PETA) BYTE PUBLICi 
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FUM-SO COI'tPllER SYSTEi'I CONTROL ROUTINE 
$EJECT 
4 1 MILRUN: PROCEDURE EXTERNAL; 
5 2 END MILRUNj 
fJ 1 PHASE: PROCEDURE (FilUM) EXTERNAL; 
7 2 DECLARE PIlUM BYTE; 
IJ 2 END PHASE; 
~ 1 6ETAIC: PROCEDURE (CHAN) BYTE EXTERNAL; 
10 DECLARE CHAN BYTE; 
11 :2 END GETAIe; 
12 I SETAOC: PROCEDURE (CHAN, VALUE) EXTERNAL; 
13 2 DECLARE (CHAN, VALUE) BYTE; 
14 :2 END SETAOCj 
15 1 6ETDIC: PROCEDURE (CHAN) BYTE EXTERNAL; 
16 :2 DECLARE CllAN BYTE; 
17 2 END 6ETDICj 
19 1 SETllDC: PROCEDURE (CHAN, VALUE) EXTERNAL; 
19 2 DECLARE (CHAN, VALUE) BYTE; 
20 2 END SETDOCj 
21 1 RUNTSK: PROCEDURE ITASKSNUt1BERJ EXTERNAL; 
22 2 DECLARE TASKSNUI1BER ADDRESS; 
23 2 END RUNTSKj 
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PlIfHO COMPILER SYSTEI1 CONTROL ROUTlliE 
mECT 
24 ALMCHK: IHHIS IS THE ALARtI CHECKING SECTION*' 
PROCEDURE; 
25 :1 DECLARE JESS BVTE; mESS IS flV ~EE DAU6HTERS HAm, 
26 2 CALL PHASE(B); 
27 2 EXTALII=6ETIlIC m; 'tREAD EXTERNAL ilLARf1Stl 
28 2 IF (PROilL!IOOlTHEN HORnER SHUTDOWN IF II PROCESSOR ALARM EXISTSH 
29 2 DO; 
30 3 IF (JE5S00lTHEN mUT ONLY DO IT IF THE ALARM PERSISTSt' 
31 :I no! 
32 4 CALL SETOOCll, 0); ItRESET pot! 
33 4 CALL SETOOC(2, OFFH) j /tSET PH, 
34 4 CALL SETDDC!5,OFFH);ltSET ALARII INDICATIONtl 
3S 4 INHIB=OFFH; IUNHIBIT LOAD CO~TROU' 
36 4 JESS;Oj IiRESET PERSISTANCE CHECKtI 
37 4 PROALM=Oj mmr THE PRDCESSOR ALARM. I 
39 4 EMil; 
ELSE 
39 3 DO; 
40 4 JESS=OFFHj mET PERSI5TANCE CHECK*! 
41 4 PROAL~=O; nRESET PROCESSOR ALARM AH TO BE SURW 
42 4 END; 
43 3 END; 
44 2 ELSE JE5S=Oj mESET THE PERSISTIiNCE CHECKER AGAINtI 
45 2 IF !EXTALMOOlTHEN HORDER SHUTDOIlN FOR AN EXTERNAL ALAR!!H 
46 2 Oil; 
47 3 CALL SmOCfl,O)j 
48 l CALL sma!: {2,OFFH1; 
49 3 INHIB=OFFHj 
50 3 END; 
:i1 2 ELSE HJHIB=Oi 
52 2 E!iD AlNCHKj 
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SYSTEM CONTROL ROUTINE 
$EJECT 
53 I t1!LPAN: PROCEDURE PUBLIC; mHIS IS THE SYSTEM AND PANEL CONTROL SECTIONH 
54 2 DECLARE (PZERON,PIERoa, DARN) BYTEj fm IS RUN EVERY HALF SECONDtl 
55 2 DECLARE (PONEN,PONEO) BYTE; 
S6 2 DECLARE (IIBSN,IIBSO,CLRN) OYTE; 
57 2 DECLARE LIFE BYTE; 
58 2 CALL PI1ASE (2) ; 
S9 2 PZERON=GETDIC Ill; 
60 2 PONEN=GETD Ie (2); 
61 2 DARN=6ETDIW1; 
62 2 ClRN=SETDIC(6) j 
63 2 IF (PIERONOPZERODl DR (PONENOPONEQll THEil IiHAVE ANY OF THE HILUt 
64 2 00; f ICONTROL BUTTONS BEEN PUEHEDtl 
65 3 !F((PZERONOOI AND (PONENOO)1 THEN 
66 3 DO; 
67 4 PIERON=O; 
bS 4 PQNEN=OFFH; 
69 4 END; 
70 3 CALL SETDDW, PIERONI j 
71 3 CALL SETOOC (2, P!lIlEN I j 
72 3 NANA=OFFHj 
73 3 END; 
74 2 IF !DARIiOOI THEN I$HAS THE DELAY ANGLE CONTROL BUTTON BEEN PUSHEDtI 
75 2 Dtl; 
76 CALL SETAOC!1,6ETAIC(81)j 
77 3 NAllA=OFFHj 
78 3 PETA=OFFHj mETA IS !IV OTHER DAUGHTERS NAHW 
79 3 END; 
80 2 IF (!IBSIIOHeSOI THEN ItHAS THE BREAKER CONTROL BUTTON BEEN PUSHEllt/ 
III DO; 
82 3 IF (HBSNOOI THEN 
83 3 DO; 
84 4 CALL SETAOC(I,OFFH); 
85 4 END; 
86 3 CALL SETDOC(4,MBSNlj 
87 3 NANA=OFFH; 
sa 3 IF (6ETDICCS) meso I THEN 
89 3 no; 
90 4 PROALH=OFFH; 
91 4 END; 
92 3 END; 
93 2 CALL SETDOm,UANA) j 
94 2 OI=Ol+! ; /$O! (THATS ME) IS USED TO SEE IF THE PROCESSOR IS ALIVW 
95 2 IF (on 11 THEN DO; 
97 3 IF (LIFE=Ol THEN L1FE=OFFH; nLIFE IS OUTPUT AS THE LIFE PULSW 
99 3 ELSE LIFE~Oi 
100 3 CALL SETDOC(3,LIFEl; 
101 3 IF (PETA=OI THEN DO; mHIS BIT OF CODE CALLS THE Lonn CON TROW 
103 4 CALL PHASE(31; ItCOHTRoL ROUTINE EVERY SECDND SCAN, IE.," 
104 4 CALL RUNTSK (2); HONCE EVERY SECOND. RUNTSK(2l IS THE TASKa( 
105 4 ENDj !HABLE ENTRY FOR MILRUW 
lOb 3 OZ=Q; 
107 3 END; 
lOB 2 IF (CLRHOOI THEN IHF WE'RE FINISHED WITH THE PANEL CONT~Ol THENIf 
109 2 DO; taLETS RETURN TO AUTOMATIC COil TROW 
110 3 CALL PHASE (51; 
111 3 NANA=O; /fRESET ALL THE IlASTIES THAT HEED TO BE RESEW 
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112 PETA=Oj 
113 ;} PlERON=Oj 
114 3 PONEN=Oi 
llS ;} END; 
116 2 PZEROO=PlERONj 
117 2 PONEO=PONEN; 
lIB HBSO=M8SN; 
119 2 CALL ALMCHK; 
120 END MILPAN; 
IZ! END PANEL5r10DULE; 
PlIM-SO COMPILER LOAD CONTROL ROUTINE 
ISI5-I I PLlH-80 V3.1 COI'IPILATIO~ OF "ODULE HILLMIlDUlE 
OBJECT HODULE PLACED IN :FI:I'HLRUN.OBJ 
COMPILER INVO~ED BY: PLKBO :FI:KILRUN.P80 
mCLUDE (IFI :I1ILMN2. PBOI 
" SSYI1BDLS XREF DEBUG PA6EWIOTH!I321 PAGELEIlIiTH(bOI NOHlTVECTOR lXREF 
$TITLE (. LOAD CONTROL R6UTlNE'1 
M ILUMODULE: 
DO; 
2 DECLARE IPROALK,EXTALM) BYTE EXTERNAL; 
3 1 DECLARE lINHIB,OI,NANAI BYTE EXTERNAL; 
4 I DECLARE PERR ADDRESS P~BLIC; 
:I I DECLARE (FLA61.FLA62,FLA631 BVTE P~BLlC; 
6 I DECLARE ALPHAX BYTE P~BLIC; 
7 I DECLARE !P1,P2,P3,P41 ADDRESS PUBLICi 
8 I PHASE: PROCEDURE (PNUI11 EXTERNAL; 
'I 2 DECLARE PHU" BYTE; 
10 2 END PHASE; 
II I GETAIC: PROCEDURE (CHAN) BYTE EXTERNAL; 
12 2 DECLARE CHAN BYTE; 
13 2 END 6ETA1Cl 
14 1 SETAOC: PROCEDURE (CHAN, VALUE) EXTERNAL; 
lS:2 DECLARE ItHAN,VALIiEI BYTE; 
16 2 END SETAOCj 
17 I GElOIC: PROCEDURE (CHAN) Bm EXTERNAL; 
I B 2 DECLARE CHAN BYTE; 
19 2 END 6ErnIC; 
20 I smoc: PROCEDURE (CHAN,VAL~EI EXTERNAL; 
21 2 DECLARE (CHAN,VALUEI BYTE; 
22 END SmOCj 
23 DELAY: 
PROCED~RE (CDUNn EXTERNAL; 
24 2 DECLARE COUNT ADDRESS; 
25 2 END DELAY; 
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26 I1ILRUN: PROCEDURE PUBLICi 'tHERE liE ARE - THE LOAD CUNTROL SECTlONl/ 
27 2 DECLARE (PWIN,PACT,PRED,PllED) ADDRESS; 
28 2 DECLARE (VO, VDR, PERRO) ADDRESS; 
2'1 2 DECLARE (STEP,EN) BYTE; 
30 2 DECLARE tU,CPM,AI,A2,IIAYl BYTE; 
31 2 DECLARE SET LITERALLY 'OFFH'i 
32 2 DECLAP.E RIGHT LITERALLY 'OFFH' j 
33 2 DECLARE INCREASE lITER ALL Y 'OFFH' i 
34 2 DECLARE RESET LITERALLY '0' j 
35 2 DECLARE WRON6 LITERALLY '0'; 
36 2 DECLARE DECREASE LITERALLY '0'; 
37 2 DECLARE LLlI'l LI TERALLY • 25' i 
tHlUS LOOK UP TABLE TAKES THE VALUE OF WINll SPEED 
AND USES IT AS AN INDEX TO FIND THE POTENTIAL 
POWER AVAILABLE IN THE WIND, DIVIDEfi BY THE 
APPROPRIATE SCALE FACTOR WHICH HAXII1IZES ACCURACYtt 
38 2 DECLARE MINDPWRSTABLE W ADDRESS DATA (0,0,0,0, 
0,0,0,0,0, 1,1,! ,2,2,2, 3, 4,4, 5, 6, 7,a, 9,11,12,14, 
15,17,19,21,24,26,29,31,34,37, 41, 4~, 48,52,56,60, 
65,69,74,79,85,90,96,102,109, 115,122,130,137,145, 
153,161,170, 17'1,188,198,208,218,228,239,250,262, 
274,286,299 ,312, 325,339,353,367 ,382,397,413,429, 
446,463,480,498,516,535,554,573,593,614,635,656, 
679,700,723,746,770,7'15,819,845, B71, 897,924,951, 
97'1,1008,1037,1067,1097, 1I2a, 1159,1191,1223,1251>. 
1290,1324,1359,1394,1431,1467,1504, 1542, 1~81, 1620, 
1660,1700,1742,1783,1826,1869,1913,1957,2002,2048, 
2095,2142, 1190, 223~ ,2288,233B,2399 ,2441,2493,2546, 
21lO0, 2654,2710,2761>,2822,2880, 2938, 2999,3058, 3118, 
3180,3242,3305,3369,3434,3500,3566,3633,3702,3771 , 
3840,3911,3993,4055,4128,4202,4278,4353,4430,4508, 
4587,461>6,4747,4828,4910,4993, S()78,5163, 5249,5336, 
5424,5513,5603,5693,5785,5878,5972,6067, 6162,62S9, 
6357,6456,6556,6656,6758,6861,6965,7070,7176,7283, 
7392, 7~01, 7011, 7722, 7835,7948,8063,8179,8296,8414, 
8533,8653, B774,9897, 9020, '1145, 9271, n98, 9526, 9655, 
9796,9917,10050,10184,10319,10456, 10593, I073:i!, 
10872,11013,11 156, 11299,1 !H4, m90, 11737 ,11886, 
12036, 121B7, 12'339, 12493,121148,12804,12961,13120, 
mao, 13441, 13604,1376B, 13933, 14100, 14267, 14437l j 
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39 :1 
40 2 
42 3 
44 4 
45 4 
46 4 
47 4 
48 4 
49 4 
51 4 
52 4 
S3 4 
54 4 
55 4 
56 4 
57 4 
58 5 
59 5 
bO 5 
61 4 
~2 4 
63 5 
64 S 
65 S 
66 4 
67 4 
oS 4 
09 4 
70 4 
71 4 
72 4 
74 4 
75 5 
77 5 
78 II 
90 6 
81 7 
83 7 
84 8 
ab B 
87 9 
8'/ '1 
90 9 
91 B 
n 7 
93 b 
'14 5 
'IS 4 
?b 
mECT 
1$ THIS IS THE START OF CODE FDR LOAD CONTROL SECTION.I 
CALL PHASE (4) j 
IF(6ETAIC(3)}25Dl THEN DO; mUll IT ONLY IF AC VOLTS ARE OW 
IF!IHHIB=RESETl THEN no; ItRUN IT ONLY IF INHIBIT IS RESEW 
CALL PHASE (S); 
P4=P3; ItREORDER POWER READII1GSil 
P3=P2; 
n=Pl; 
U=6ETAIC(1) ; 
1f(U}230l THEIl PROALI1=SETj 
PI =~INDPIIR$TABlE (UI; 
l\I=GETDIC(Bl; 
A2=6E1OII:(9) ; 
IF! tNoT A21 AND (NOT AI)) TIlEN 
PIIIN=SHUPI,2l; 
IFnHOT AZ) lum All THEN 
DO; 
PI=SHUPI, 11; 
PWIN=PltP2j 
EIID; 
IF(AZ AND (IiOT All) THEN 
DO; 
PI "PI t(SHR (PI, Ill; 
PIIIN=PI+P2+P3j 
EMD; 
IF (n I AND A2) THEN 
PMlN'PI'P2+P3+P4j 
CPI'i= HiETAIC (91 ) lSi 
IF (PW I!I{= I 28:ilTHEH 
PREll.: (PWINtCP"' 1100; 
ELSE 
PRH1=(PWIH/IOOI tCPH; 
IF(U<32) THEN PDED=IO; 
ELSE 
DO; 
IF(U(48) THEN POED=12; 
ELSE 
DO; 
IF!U(bS) THEN PDED=24; 
ELSE 
DO; 
IF(u(9S) THEN PDED=4B; 
ELSE 
DO; 
/tHaw MUCH WIND WE 60T PARDHEW 
mo lIUCH - SET THE ALAR"t I 
'*DETERMINE SCALED WIND PONER VALUW 
mow LETS WORK aUT WHAT POWER AVERAGING COUNHI 
IUS RE9UIRED BY THE OPERATGRH 
IUIHAT IS THE AVERAGE VALUE ow 
mCALED PlIWER THEN!! 
mIND THE REQUIRED POIIER CCEFFICIENW 
llHaN FIND THE SCALED RE9U IRED LOAD POilERtI 
/tSET THE VALUE OF SLIDING DEAD ZOMEl! 
mumSl THEN PDEO=9b; 
ELSE 
END; 
END; 
END; 
END; 
DO; 
IFIU(191l THEN PDED=192j 
ELSE PDED=340j 
END; 
EM=Oj mOR A NEW RUN RESET LOOP COUNW 
DO WHILE (EII{B) j ItONL Y DO IT IF lOOP COUNT IS OW 
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97 :i 
98 5 
9'1 Il 
100 6 
101 6 
102 ~ 
103 6 
104 b 
lOS 6 
lOll 7 
107 7 
109 7 
109 6 
110 7 
111 7 
112 8 
113 a 
114 8 
11:i7 
I16 7 
117 & 
118 6 
119 7 
120 7 
121 7 
122 7 
124 7 
126 7 
127 7 
129 7 
130 7 
131 B 
!32 8 
133 B 
134 9 
13:5 9 
137 9 
mB 
139 S 
I4Q B 
141 7 
142 7 
143 B 
144 B 
145 e 
146 q 
147 9 
148 B 
149 8 
150 9 
152 6 
153 6 
154 5 
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IFlPREQ)PDED J THEN 
DO; 
VDR=6ETAIC(6) ; 
VD=SHLlVDR,1) ; 
PACT: ((SHR (VO, 31) fVDI 110; 
!tIIOT HUCH P[JIHT IF REQUIRED POWER ISH 
mESS THAN DEAD ZONE POWEW 
mIND DC VOLTS AND CALCULATE ACTUAL POWER*! 
PERRD=PERR; ItFLA6S FOR SO~E OBSCURE USE {ALPHA DIRECTIOHtI 
ELSE 
FLA62=FLA61; I 'CONTROL! tI 
IF (PACT> (PREthPDEllll THEK mIT TO INCREASE ALPHAtI 
DO; 
PERR:PACT' (PRE!I+PDEDl ; 
FLA61=SETj 
END; 
ELSE 
DOi 
IF (PACT< (PRE!HDEDI) THEN mIT TO DECREA5E ALPHW 
DO; 
PERR: (PREQ-PDED HACT i 
FLAGI =RESET; 
END, 
ELSE PERR=O; 
END; 
IF (mROO) THEN !:HERE WE 6ll - IS FEEDBACK NE6ATlVEli 
00; 
IF ((PERR<=PERRDl AND (FLA61=FLA62)) THEN 
IIAY=RIGHTj 
ELSE IIAY=WRON6j 
IF (WAYORI6HTl THEN FLAG3= (NOT FLA631; 
IF (PERR>SO) THEN 5TEI'=10; mIG STEP FOR II SIS ERRORtl 
ELSE 5TEI':2; ttL! TTLE STEP FOR A LITTLE moRt! 
IF (FLA6IOFLA621 THEN STEI'=2; IiDR II llIRECTION CHAN6W 
IF (FLA63=DECREASEI THEN 
DO; 
CALL PHASE (6) j 
IF{ALPHAX>STEPlTHEH mm ACTUALLY OUTPUT At! 
no; ItVALUE OF ALPHA!! 
ALPHAX =ALPHAX -STEP; 
IF (ALPHAX(LlIMlTHEll ALPHAX=LL!H; ItUNLESS ITStl 
Elm; nRUBBIsHtl 
ELSE ALPHAX=LLIH; 
CALL SET AOC!! ,ALPHAX I j 
END; 
ELSE IF IFLA63=INCREASEl THE!! 
END; 
DO; 
CALL I'HASE!7l; 
IF (lOFFH-ALPHAXl )STEPI THEN 
DO; 
ALPHAX=ALPHAX+5TEPj 
END; 
ELSE ALPHAX=OFFH; 
CALL SETAOCll, ALPHA X I ; 
END; 
CALL DELAYU4l; /lOUR MAGICAL LOOP DELAY. THE !4 6IVES&/ 
END; m 14 x 10 MS DELAY TIMEtt 
Oil; 
ALPHAX=OFFHj 
mETTER SET ALPHA TD BLIlCK IF WE CAW T FIND ANYTHUI6~1 
mETTER TO DO WITH IW 
PLI ~-gO COMP 1 LER LOAD CON1ROL ROUTINE 
1~6 6 
157 6 
158 5 
159 5 
160 4 
162 4 
1M 4 
16S 3 
16b 2 
1117 I 
CALL SETA DC (I j ALPHA Xl ; 
END; 
EN=ENtlj 11INCREMENT THE LOOP COUNT!! 
END; 
IF(PACT>1250D! THEM-PROALH=SET; I~OH DEAR, POWER IS i\ BJr 815 - ALARllfi 
IF!5ETAIC (2) >1m) THEN PROAlH=SETj It TURBINE REVS TIm BIG - ALARlltl 
EIIDj 
END; 
Int!! S 15 THE END OF THE LOAD CONTROL SEeTlDlltl 
END HILRUH; 
END M!LUt\ODULEj 
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Rotor: 
Number of Blades 
Diameter 
Maximum Speed 
Coning Angle 
Tilt Angle 
Type 
Hub Type 
Blades: 
Drive 
Type 
Material 
Profile 
Taper 
Train: 
Gearbox 
Gearbox 
Coupling 
Brake 
Ratio 
Type 
Generator: 
Type 
Rating 
Maximum Output 
Excitation 
Control System: 
Type 
Turbine control 
Rectifier: 
Type 
Frequency Range 
Rating 
3 
6 m 
200 rpm 
4 degrees 
o degrees 
Downwind, bidirectional 
Fixed 
Tapered, untwisted 
Steel spar, GRP skin 
RAF 39 
50% of root chord 
1 :10 Step up 
Two stage, helically cut, oil bath 
Crown pin type, low speed shaft 
2 Caliper disc, hydraulic 
Asynchronous, 8 pole, squirrel cage 
3 kW at 50 Hz, 415 V 
6 kW 
Self excited from static capacitors 
Microprocessor based 
By power feedback, rectifier delay angle 
control 
3 Phase, 6 pulse controllable bridge 
5 Hz to 300 Hz 
24 Adc at 1000 Vdc 
Yaw Drive: 
Tower: 
Running 
Shutdown 
Maximum Yaw Rate 
Main Tower 
Upper Column 
Self steering, hydraulically damped 
Hydraulically driven 
6 rpm 
15 m Steel lattice 
Steel tube, seamless, 4m 
237 
Page 238 
Page 239 
APPENDIX 6. 
WIND RECORDING SYSTEM. 
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WIND RECORDING SYSTEM 
A system has been constructed as a mobile wind speed and direction 
recorder. It is of recording wind 
direction with a resolution of approximately 1 4 
The system consists of: 
up to 45 m/a and wind 
(360/2 6 degrees). 
(1) A data logger (MIDAL = MIni DAta Logger) for processing and recording 
wind data. This is based on an INTEL 8085 processor with an architecture 
similar to that of Figure 6. 8. Software for reading and recording of 
wind data is interrupt driven, the interrupts arising from wind 
speed/frequency dependent pulses from the anemometer. Speed peaks are 
recorded from the delay between pulses and average 5 minute wind speed is 
also recorded. Wind direction is recorded as an 8 bit Grey Code averaged 
over a 5 minute period. All data, including time of day, is stored in RAM 
giving a maximum RAM recording time of about 30 minutes. 
When RAM is full the processor dumps data, in Kansas City Format, on 
to a cassette recorder. The cassette is controlled by the processor and 
can store data for up to 5 days without changing of cassettes. 
The processor also control Is the data logger console. Controls on 
the console allow for operator 
cassette immediately prior to a change of 
dumping of data from RAM to 
cassette. This is required 
to prevent the possibility of an automatic dump while changing cassettes. 
Other controls allow for the resetting of the time 'of day, processor 
resetting and analog display of wind speed. 
Both the logger and cassette are 12 V
DC /230 VAC operated. For 12 
VDC operation in remote areas a battery supply is needed. 
Logger 
operation 1 Amp at 12 VDC ' 
(2) Anemometer and wind vane mounted on a stand. The anemometer is a 
241 
three cup type using an optical interruptor device located over a 16 slot 
drum. For one revolution of the cups, 16 pulses are thus output to the 
logger interrupt input. The wind vane uses an 8 segment optical 
interruptor array (paper tape reader array). The drum is slotted in Grey 
Code to facilitate processor checks of coded readings. The advantage of 
using optical interruptor devices is that they provide a system where 
shaft friction arises only from the bearings. 
(3) Processing of data recorded on the cassettes. This is accomplished 
using an INTEL microprocessor development system with a cassette tape 
reading facility. Data is then transmitted to the Electrical and 
Electronics Engineering Department's VAX 11 /750 computer. Software on 
the VAX processes the data and caters for data presentation in yearly, 
weekly, monthly and seasonal formats. Ongoing averages and RMS values can 
also be shown. 
